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Summary
In traditional micro-grid application, harvested renewable energy is interfaced with
the single/three-phase micro-grid using single(typical residential application)/three(typical
industrial application)-phase power electronic converters/inverters (Distributed gen-
erators or DGs). Power flow control as well as shaping of the current drawn from
the common AC bus (grid) of the micro-grid is primarily done by controlling the
inverter currents using suitable current references, which in turn necessitates digi-
tally implemented high-performance controllers for these applications. This thesis
investigates different high-performance control schemes to control power flow as
well as shaping voltages/currents under different adverse operating conditions in
the micro-grid.
In the first part of the thesis, a Lyapunov function based current controller
is proposed for a single-phase parallel connected inverter along with a local load
connection. The proposed control system ensures high-performance tracking of the
inverter current derived by single phase p-q theory to ensure a specific amount of
active and reactive grid power consumption by the load along with maintaining
grid current to be sinusoid. The proposed controller gives superior performance
over conventional PI + resonant controller. In the second part of the thesis, a
single-phase series connection of the DG inverter along with micro-grid and load
xix
Summary xx
is proposed. The proposed method ensures rated high quality of the load voltage
even in the presence of sag, swell or harmonic distortions in the micro-grid volt-
age, using a Spatial Repetitive Controller(SRC), facilitating micro-grid fundamen-
tal frequency independent performance. The total load active power is controllably
shared between inverter and micro-grid with the assurance of leading micro-grid
power-factor even if the load power-factor is lagging. In the last part of the thesis,
DG inverter connection is considered in parallel to a generalized three-phase micro-
grid along with local load. Controllable load power sharing with the control on the
grid current THD is also ensured with a proposed Lyapunov function based current
controller. The proposed method considers unbalance not only in the grid voltages
but also in the line side inductances while the controller is implemented in a-b-c
frame. The three-phase p-q theory and FBD theory based approaches are used to
calculate the inverter current reference and the corresponding effects on DC link
side ripples are also investigated. A Complex Notch Filter (CNF) based approach is
proposed to extract fundamental positive as well as negative sequence components
from the generalized grid voltages for the a-b-c frame implementation of the p-q
theory based approach. The proposed FBD based approach is implemented on the
grid fundamental phase domain ensuing high-performance operation even under
fractional change in grid frequency. Both b-6 (six-switch) and b-4 (four-switch)
three-phase inverter topologies are tested for such DG interconnection. The pro-
posed control technique ensures simple Sine PWM based control of b-4 inverter
unlike the conventional adaptive SVPWM method. Detailed experimental results
are provided to show the efficacy of each of the methodologies.
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Pgrid Average power injected into the grid
PL, QL Active and reactive power consumption of load
Pinv, Qinv Active and reactive power flow of inverter
Pg, Qg Active and reactive power consumption of grid
Pmpp Power extracted at MPPT
pdc DC side instantaneous power
ph Harmonic power
R Single-phase CCVSI grid interfacing resistance
S1...S6 Three-phase inverter switching signals
T Inverse of fundamental grid frequency (rad/sec), 1
ω
Ts Sampling time of the controller
UC Mean capacitor voltage
ulf Output of Lypunov function based controller
usrc Output of spatial repetitive controller
Vdc DC link voltage
vg Grid voltage
vc Single-phase inverter SPWM control signal
vgr, igr Real voltage and current of complex grid
Symbols xlvi
vix Inverter voltage of phase-x for three-phase inverter wrt N
VL Single-phase load voltage phasor
viac, vibc Three-phase inverter line voltages
vgx Phase-x voltage of three-phase grid
vgi, igi Imaginary voltage and current of complex grid
vcona...vconb Three-phase inverter SPWM control signals
vixO Phase-x voltage wrt DC link mod-point, O of three-phase inverter
VL Single-phase load voltage phasor
vOO′ DC link actual mid-point voltage wrt ideal mid-point
Vp Positive sequence fundamental grid voltage peak (V)
Vn Negative sequence fundamental grid voltage peak (V)
vdcp, vdcn DC link split voltages
ωgrid Angular frequency of grid (rad/sec)
x Phase-x for three-phase inverter with x ∈ a b c
Z Single-phase load impedance
zθ Digital dynamic complex frequency in position sample domain
λ Lyapunov gain for single-phase inverter
θ Single-phase load power factor angle
γ Grid power angle for single-phase inverter
θ1 Positive sequence fundamental grid voltage phase




Electrical energy is the most important form of energy to meet the daily require-
ments of the human being. This is used to run all the possible appliances of
residential as well as commercial application. It can be easily felt that the rate
of per capita energy consumption is increasing due to the introduction of more
and more electrical based systems. Normal practice is to generate electric energy
through synchronous generators (mainly thermal energy by burning the natural
coal), placed at different locations of a country and feeding all the power to a com-
mon grid. This facilitates the development of infinite power grid, which is used
by consumers distributed all over the country. The introduction of sophisticated
electronic loads also pollutes grid with harmonic distortions which also affects the
other loads connected in the same grid. It can also be seen that in developing
countries, due to increase of load demands, the grid voltage undergoes sag, swell
etc and other types of intermittent problems. Moreover, to take care of these
problems some substations of huge power capacity (of the order of 100 kVA) are
1
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installed at different power distribution networks. These substations contain large
transformers, capacitor banks etc. This calls for investment of huge capital cost.
Renewable energy research is becoming more and more popular during these
days due to the fast depletion of fossil fuels. The distributed renewable energy
generations are bringing in micro-grid research intensely. Micro-grid can be viewed
as an integration of different types of distributed renewable energy sources. These
alternative energy sources are connected to the main power grid in addition to
supplying the local load demand. Conventional electric power systems are getting
stressed by the exponential growth of the power demand, limit of power delivery
capability, complications in building new transmission and distribution lines and
blackouts [1]. Micro-grid is being applied and focused due to these reasons. De-
velopments of power electronic converters and high performance digital controllers
are enabling integration of all types of renewable energy sources to a self supported
micro-grid which can operate independent of the main power grid in islanded mode.
Control issues of the distributed generation unit in the micro-grid have been ad-
dressed by a number of researchers [1]-[21]. Since the micro-grid is a power grid
having extensive properties of a typical weak utility system [2], different types of
control methods have been reported [3]-[16] to mitigate different power quality
problems associated with the micro-grid power systems. In a typical micro-grid
structure, the energy sources and the load terminals are connected at the point
of common coupling (PCC)[17]-[18]. Because of the nature of the weak grid, the
voltage can have disturbances such as sag, swell and contamination with voltage
harmonics [17], [19]-[20]. Some of the solutions to mitigate these problems (in case
of three phase micro-grid) are discussed in [21]. These grid voltage disturbances as
well as grid voltage harmonic contamination problems are addressed and discussed
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in [21]-[22] by employing either shunt or series active filters so that these problems
in grid voltage cannot affect the load. If a typical single-phase micro-grid (medium
power level micro-grid) is considered, the methods applied in [21] and [22] cannot
be applied because of the unavailability of the traditional “d − q” [21]-[67] theory
in case of single phase application. It can also be noted from [21] and [22] that,
the systems can only improve the disturbances in the micro-grid voltages but it
is unable to control the active power flow through the power electronic converters
(active power filters). So, ultimately, the active power drawn by the load from the
micro-grid as well as renewable energy sources cannot be controlled. The existing
literature also show that on one hand, the single phase inverter is directly connected
(through an interfacing choke coil) to the point of common coupling (PCC) [3] to
facilitate power flow to the PCC. On the other hand, the grid (micro-grid) and
the loads are also connected to the PCC. Three phase unbalance grid interface of
the micro-grid systems are well documented in [26]-[29]. In [26]-[27], hybrid series-
parallel compensators are proposed to minimize the current harmonics generation
effect in a typical unbalanced three phase micro-grid system. Even in the case of
the unbalanced generalized grid connected renewable energy inverters, there is a
problem of DC link side even harmonic ripples because of the unbalance nature
of the grid [30]-[31]. These problems either can be solved using huge passive filter
component or taking the help of high performance control methodology in control-
ling the inverter. For grid connected topology of renewable energy source based
inverters, both for three-phase as well as single-phase case, the inverter is only used
to pump in sinusoidal current to the grid and another inverter is connected in par-
allel with the load to reduce the grid current distortions due to the non-linear load
current. The second inverter system is referred as power factor correction (PFC)
circuit [32].
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Therefore, the motivation behind this thesis is to develop high performance
controllers for single-phase renewable energy fed voltage source inverters (VSI) so
that even if the grid voltage undergoes intermittent disturbances, the single-phase
residential loads can enjoy disturbance-free voltage as well as energy savings in the
electricity bill. For direct grid connected conditions, in the case of single-phase
residential loads, a controller for the inverter is developed that controls the power
flow from the grid as well as the total harmonic distortion (THD) of the grid
current. For the three-phase unbalanced and distorted grid connected inverter, a
high performance control strategy is proposed to control the power flow from the
grid, control the THD of the grid current as well as reducing the DC link side
ripples. The thesis also investigates the possibility of reducing the three phase
inverter hardware cost reduction by optimizing the power circuit with advanced
non-linear controller application.
1.2 Configuration of a typical multi-bus micro-
grid system
Micro-grid is generally classified as a cluster of micro-generators connected to the
mains utility grid, usually through some voltage-source-inverter(VSI) based inter-
faces. The trend of fast depletion of fossil fuels is accelerating the advancements
of micro-grid technology to manage the available electrical power efficiently. Re-
newable energy sources, such as PV or solar are also considered in a large way to
interconnect with the micro-grid to reduce the carbon footprint to a large extent.
Based on the nature of the existing loads, broadly two types of micro-grids are
possible, i.e. AC and DC types. The most popular way of electrical engineering
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practise leads to the formation of AC micro-grid in the present time. Different
technologies of micro-grid control systems interconnecting different renewable en-
ergy sources are well discussed in [10]-[16]. Different structures of micro-grids are
available. In this thesis a typical structure of multi-bus AC micro-grid is considered.
Figure 1.1 shows a typical structure of multi-bus micro-grid configuration
considered in this report as also discussed in [8]-[9], [24]-[25]. The micro-grid com-
prises of three paralleled Distributed Generation (DG) systems, viz. DG1, DG2
and DG3. DG1 comprises of renewable energy sources along with associated power
Figure 1.1: Typical configuration of inverter-based micro-grid.
electronic energy extractor and interfaced to the Local Bus using a parallel con-
nected inverter topology. At the DC link of the inverter energy storage element
(such as battery etc.) is also connected. In the Local Bus, some critical loads are
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connected. The Local Bus is interfaced to the Common Bus of the micro-grid.
DG2 supplies power extracted from fossil fuel based diesel generator directly to the
Common Bus. Inside DG3, some other type of energy sources along with loads
are connected to another Local Bus and then connected to the Common Bus of
the micro-grid system. Some non-critical loads are also connected directly to the
Common Bus of the micro-grid. The focus of this thesis lies in discussing the con-
trol of the parallel connected inverter inside the DG1 as indicated in Figure 1.1.
Under normal mode of operation, the micro-grid is connected to the utility grid
at the point of common coupling (PCC) through a static transfer switch (STS).
Under this condition, the voltage of the Common Bus as well as Local Bus are
mostly well regulated by the infinite source nature of the main utility grid. In this
mode, inside DG1, most of the extracted renewable energy is stored in battery and
the critical loads draw active power from the Common Bus via Local Bus. But if
needed, certain amount of extracted or stored energy can be fed to the Common
Bus via Local Bus to reduce the active power consumption from the Local Bus.
In the case of islanded condition, when the micro-grid is isolated from the
main utility grid by means of STS switch, the power demand of all the DG systems
are changed and each of the DG systems should immediately follow the changed
power demand to stabilize the voltage in the Common Bus in the micro-grid. In this
thesis, control techniques are proposed and validated by experimental studies for
the inverter inside DG1. The inverter inside DG1 is operated in current controlled
voltage source inverter (CCVSI) mode.
The work of the thesis is directed towards the operation of the DG1 as a
part of the whole micro-grid. The desired grid current reference is calculated from
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the required active and reactive power flow from the grid. The current reference
for the inverter is obtained by subtracting the desired grid current from measured
load current. Accurate current control of the inverter results in both desired power
flow control as well as a purely sinusoidal grid current. In case there is a voltage
change in the Local Bus, the proposed control method is capable of maintaining the
required power demand by adjusting the current of the CCVSI automatically. This
ensures high band-width active, reactive and harmonic power control to ensure high
quality energy exchange within the micro-grid.
All the characteristics of the DG1 can also be achieved in case of utility grid
connected mode. In this mode the proposed control technique also eliminates the
need of external Power Factor Correction (PFC) circuit as the proposed current
control method makes the single inverter to do both power control and local grid
current THD control.
1.3 Different topologies of DC/AC inverters and
controls to interface renewable energy sources
to the micro-grid
Different renewable energy sources are interfaced to the micro-grid to make the
micro-grid operation energy efficient and reduce the carbon footprint. Two popu-
lar renewable energy sources that have left the appreciable impact on the micro-grid
application are Solar energy and Wind energy sources. Depending on the availabil-
ity of the sunny or windy environment at a specific location, such renewable energy
sources are known to be popular in different countries. Different energy extraction
systems including the power electronic converters are available for residential as
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well as commercial application. In this Section first of all a brief description of
Solar source and Wind energy source are discussed and then the application of
those sources in micro-grid formation are focused.
Solar PV source based inverters are becoming very popular for recent decades.
Extensive researches are going on to develop different types of solar PV con-
verter/inverter systems to extract the solar PV energy efficiently. Different topolo-
gies have been proposed. Significant contributions can be seen in the case of both
single phase as well as three phase solar PV systems. It can be understood that the
PV panel output is a DC output. The common form of power used for consumer
application is AC power. This leads to the modern trend of PV converter/inverter
topologies. The PV panel is normally connected to single or multiple stages of DC
to DC converter. Then the output of the DC/DC converter is connected to the
DC link of inverter to interface with either grid or load. The popular PV inverter
topologies can be classified into two groups: grid connected PV inverters and
stand alone PV inverters.
The grid connected PV inverters [33]-[34] are the popular type of PV inverters
used for the distributed power generation as well as micro grid application. Mul-
tiple PV panels are connected in series or parallel to form the PV string and then
the PV string power is extracted by DC/DC converter distributed over three-phase
or single-phase grid by three phase [34] or single phase [35] inverter respectively.
The structure of the grid connected PV system is shown in Figure 1.2 as mentioned
in [34]. It can be noticed from Figure 1.2, the PV module is directly connected
to a DC/DC converter to operate the module in Maximum Power Point Track-
ing (MPPT)[36] mode. Then the output of MPP tracking DC/DC converter is
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Figure 1.2: Hardware structure of three phase grid connected PV system [34].
connected to a energy storage element (say battery) and to the input of another
DC/DC converter. The output of this second DC/DC converter is connected to
the DC link of the PWM voltage source inverter. The inverter is connected to the
grid with transformer isolation. In some topologies the isolation is also provided in
the DC/DC converter just preceding the VSI. In that case the low frequency trans-
former on the line side is not used any more. The DC/DC converter connected to
the input of the inverter is used to regulate DC link voltage of the inverter to facil-
itate the power flow through the inverter to the grid. The control strategy applied
to the grid-side converter consists mainly of two cascaded loops. The fast internal
current loop, which regulates the grid current, and an external voltage loop, which
controls the DC link voltage[34, 72, 38]. The control structure is shown in Fig-
ure 1.3. The control structure is implemented in synchronously rotating reference
frame (d-q frame). This requires a transformation module, e.g., a− b− c→ d− q,
to transform the grid currents and voltages into a reference frame that rotates
synchronously with the grid voltage. By means of this, the control variables be-
come dc quantities, thus filtering becomes easier and control can be carried out
using simple PI controllers. It can be seen from Figure 1.3 that the output of the
DC link (of the PWM inverter) voltage controller is used as the reference of the
‘d ’ axis current to control the active power flow through the VSI and the output
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Figure 1.3: General structure for synchronous rotating frame control structure [34].
Figure 1.4: General structure for stationary frame control structure [34].
of the reactive power controller is used as the reference of the ‘q ’ axis current to
enable proper control of the reactive power flow as well. Another possible way to
implement the control loops in stationary reference frame is shown in Figure 1.4.
In this case, the grid currents are transformed into stationary reference frame using
a − b − c → α − β module. Since the control variables are sinusoidal in this sit-
uation, so Proportional Resonant [34, 39](PR) controller gained a large popularity
in the last decade in the current regulation of the grid-tied systems. In very high
power three-phase systems, multiple number of PV panels are connected to form
a PV string and then power processing is carried out to distribute the PV power
into three phases as discussed in [33] and shown in Figure 1.5. It can be seen from
Figure 1.5(a), that each of the PV panel is connected to separate DC/DC MPPT
tracker and three such outputs of the DC/DC converter are connected in parallel
to form the DC link of the single phase PWM VSI for one phase. The same type
of arrangement is carried out for each of the three phases. It can be seen from
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Figure 1.5: (a) One-phase each multi-string converter. (b) Three-phase combined
multi-string converter [33].
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Figure 1.6: (a) Single-stage inverter (b) Dual power processing inverter, dual-stage
inverter (c) Multi-string inverter [35].
Figure 1.5(b), that each of the PV panel is connected to separate DC/DC MPPT
tracker and all DC/DC MPPT trackers are connected in parallel. The combined
DC bus serves as the DC link of the three phase PWM VSI, which is connected to
the three phase grid.
Grid connected system is well accepted in single phase PV application [35].
The broad classification of the single phase grid connected system can be seen
in Figure 1.6 as classified in [35]depending on the power processing stages. The
inverter in Figure 1.6(a) is a single-stage inverter. This inverter handles all the re-
sponsibilities like MPPT, voltage amplification as well as PWM inversion. Figure
1.6(b) depicts a dual-stage inverter. The DC/DC converter performs the MPPT
and the DC/AC VSI performs the inversion to dump the power to the grid. Figure
1.6(c) is the solution for the multi-string inverter. Each DC/DC converter performs
the MPPT and voltage boosting for each PV module/string. The DC/DC convert-
ers are connected to the dc link of a common DC/AC voltage source inverter,
which takes care of the grid current control. It can be seen from Figure 1.6 that,
the DC/AC VSI is interfaced with the grid. Now, considering a case that the VSI
is controlled in such a way that both the grid voltage and grid current only contain
the fundamental component and also they are in phase, then the instantaneous
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Figure 1.7: Electrical characteristics of the PV panel and the double harmonic
power oscillation at the panel terminal [35].
power injected into the grid can be expressed as:
pgrid = 2 Pgrid cos
2(ωgrid t)
= Pgrid [1 + cos(2 ωgrid t)] (1.1)
where Pgrid is the average injected power, ωgrid is the angular frequency and t is
the real time. Now, it can be understood that from Figure 1.6(a) that, the PV
panel needs to supply not only the average DC power, Pgrid, but also the double
harmonic oscillating power also as predicted from (1.1). The scenario can be well
understood from Figure 1.7. It can be clarified from Figure 1.7 that, the operating
point is oscillating around the maximum power point (PMPP point as shown in
Figure 1.7) and this leads to imperfect MPPT tracking. This actually makes the
PV panel terminal voltage contaminated with double of grid frequency harmonic
ripple. The normal solution to this problem is connecting a “decoupling capacitor,
CPV ” at the terminal of the PV panel as shown in Figure 1.8(a). This enables the
average power, Pgrid to be supplied from the PV panel and the double harmonic
power, Pgrid cos(2 ωgrid t) to be supplied by the capacitor, CPV . In this case the
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Figure 1.8: Different location of decoupling capacitor; (a) Single-stage inverter:
capacitor only placed in parallel with the PV panel . (b) Multi-stage inverter:
Capacitor placed in parallel to the PV panel as well as in the dc -link [35].
capacitance of the decoupling capacitor can be calculated as:
CPV =
PPV
2 ωgrid UC ûC
(1.2)
where PPV is the nominal power supplied by the PV module, UC is the mean
voltage across the capacitor and ûC is the amplitude of the voltage ripple across
the PV terminals. It can be understood from (1.2) that, as ωgrid is of the order
of 50 to 60 Hz, so for appreciably small voltage ripple, the value of the capacitor
becomes very big (of the order of few hundreds of mili-farads). On the other hand
in the topology shown in Figure 1.8(b), CDC is placed of the order of 1000 µ F
and the DC/DC converter is controlled in such a way that, PV terminal output
voltage does not flicker with small value of CPV . It can also be noted that, the
DC/DC converter operates in the switching frequency range of 10’s of kHz, so the
size of the CPV also comes out to be quite small value according to (1.2). These
large capacitors placed in the DC link are the aluminium electrolytic capacitors.
These capacitors are the weakest link of the inverter. It can be understood that all
the inverters so far discussed are current controlled voltage source inverters. This
needs a capacitor presence at the dc-link of the inverter. Recently another type
of PV inverter is proposed in [40]. The power circuit of the total PV inverter is
shown in Figure 1.9. It can be understood from [40] that, the inverter operates in
“current source inverter” mode. It is explained in [40] that, the DC link current
of the inverter is maintained to be a “rectified sinusoidal” shape by controlling the
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Figure 1.9: Unfolding inverter based single phase PV module inverter system [40].
dutycycle of the switch. Then the inverter switches are controlled in synchronism
with the grid voltage such that, the grid current becomes sinusoidal and always
in phase with the grid voltage. This topology of PV inverter is called “Unfolding
Inverter” [41]. It can be seen from Figure 1.9 that, the DC link current is rectified
sinusoidal shape. The shape can be approximated as:
iLINK ' IDC [1 + cos(2 ωgrid t)] (1.3)
Now, using 1.1 and 1.3, it can be written that, the voltage across the capacitor
CDC as shown in Figure 1.9 can be written as:






So, it can be seen from (1.4) that VDC already has almost no ripples. This causes
almost zero voltage ripple across the PV panel terminals , i.e. across the capacitor
CPV as shown in Figure 1.9. This results in significant low values of coupling
capacitors CPV as well as CDC . CPV is only provided to reduce the small switching
frequency ripple in voltage by the DC/DC converter used for MPPT as mentioned
in [40]. This method significantly increases the life span of the PV inverter systems.
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Figure 1.10: Stand alone PV inverter systems. (a) all the loads are AC loads. (b)
there are both AC as well as DC loads [41].
Stand-alone PV installations are typically very common in remote applica-
tions. In most of the cases stand-alone systems are used in single phase applications.
Three phase stand-alone systems are normally not used. These type of PV instal-
lations very often use batteries to provide back-up during nights as well as cloudy
days [41]. Some stand-alone systems are very simple with the solar array being
directly connected to the load. These are called as “Direct-coupled PV systems”
[41]. A typical circuit configuration for stand-alone system for both AC as well
as DC application is shown in Figure 1.10. It can be noticed from Figure 1.10(a)
that, the PV energy is stored in battery using a DC/DC converter based battery
charger. The battery output is then connected to the the inverter and the inverter
supplies the AC loads. The capacity of the battery is designed in such a way that,
it can store enough energy so that the energy demand in the night as well as during
some cloudy days can be easily met. Another version of the stand-alone system
is depicted in Figure 1.10(b). It can be seen that in the second case, the battery
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directly feeds the DC loads (i.e. DC data center servers etc.).
Harvesting electrical energy from wind system has matured to a level of de-
velopment where it is ready to become a generally accepted utility generation
technology. Wind-turbine technology has undergone a dramatic change with the
development of power electronic converters as well as mechanical systems in last
15 years [42]-[43]. With the introduction of power electronic converters, the wind
turbines are made with different types of electrical power generators and power
electronic converters, viz. Partial Power Electronic Converter and Wound Ro-
tor Induction Generator (WRIG) with gear train, Full power Electronic converter
and Slip Ring Induction Generator (SRIG) or Synchronous Generator (SG) with
gear train and Full power electronic converter and Permanent Magnet Synchronous
Generator (PMSG) without gear train as broadly classified in [33]-[34].
Figure 1.11: Partial Power Electronic Converter and Wound Rotor Induction Gen-
erator (WRIG) with gear train based wind energy harvester [34].
Partial Power Electronic Converter and Wound Rotor Induction Generator
(WRIG) with gear train based wind turbine based system is shown in Figure 1.11.
As can be found in [33]-[34], this type of wind energy harvester AC/DC followed by
a DC/AC power electronic converter to harvest wind energy using the “slip power
recovery” technique. The power converters connected to the rotor slip rings controls
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the rotor currents to ensure “slip power recovery”. If the generator is running super-
synchronously, the electrical power is delivered through both the rotor and stator.
If the generator is running sub-synchronously, the electrical power is only delivered
into the rotor from the grid. A typical power converter of power rating around 30%
around the nominal power can be used to harvest power while the variation of the
motor speed can be allowed within 60% of the synchronous speed[44].
Figure 1.12: Full power Electronic converter and Slip Ring Induction Generator
(SRIG) or Synchronous Generator (SG) with gear train based wind energy har-
vester [34].
Full power Electronic converter and Slip Ring Induction Generator (SRIG) or
Synchronous Generator (SG) with gear train based wind turbine system is shown
in Figure 1.12. By implementing a full-scale power converter between the generator
and the utility grid, improved technical performances of the wind turbine (WT)
system can be achieved, with the payback in losses in the power conversion stage
as can be found in [33]-[34].
Full power electronic converter and Permanent Magnet Synchronous Gener-
ator (PMSG) without gear train based wind turbine system is shown in Figure
1.13. Use of multi-pole wound-rotor synchronous generator or permanent-magnet
synchronous generator gives the flexibility of eliminating the presence of gear train
as discussed in [33]-[34]. The system enables low mechanical loss in the overall
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Figure 1.13: Full power electronic converter and Permanent Magnet Synchronous
Generator (PMSG) without gear train based wind energy harvester [34].
conversion process.
All the power electronic converter structures presented in [33]-[34] utilize two-
level pulse-width-modulation (PWM) voltage-source inverters (VSI) because this
is the state-of-the-art technology used today by all manufacturers of wind systems.
The possibility of high switching frequencies combined with a proper control makes
these converters suitable for grid interface in the case of distributed generation,
which has a large contribution to the improvement of generated power quality
[34]. Three level neutral clamped VSI is used for high power wind turbine (WT)
systems to reduce the voltage stress on the power semiconductor devices. Attempts
of using multilevel [45] or matrix converters [46]-[47] have been made, but the use
of such technologies are not validated yet in the field of distributed generation. The
developed control system employed for the DC/AC grid connected wind turbine
inverters are same as that of the PV inverters as discussed previously in this Section
with the help of Figures 1.3 and 1.4.
The interconnection of different renewable energy sources with the micro-grid
is of special interest of the recent time. The configuration of the renewable energy
integrated micro-grid is well analyzed in [10]-[16]. The cited papers consider the
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Figure 1.14: Configuration of flexible micro-grid with the interaction of different
renewable energy sources [11].
multiple connections of different types of renewable energy sources utilizing the
AC/AC as well as DC/AC converters as shown in Figure 1.14. The PV panels are
connected to the common ac bus using DC/AC converters. The DC/AC converters
should have both Maximum Power Point Tracking (MPPT) followed by grid power
pump-in capability. The wind turbines are essentially gearless permanent magnet
synchronous generator based systems as discussed in Figure 1.13. The AC output of
the wind turbine generators are converted to DC using a AC/DC rectifier ensuring
MPPT operation and followed by grid power pump-in using a DC/AC inverter.
The overall execution of the power electronic converters ensures energy efficient
operation of the overall micro-grid system.
1.4 Problem Statement
The thesis is directed towards the design and implementation of high-performance
controllers for micro-grid application. During the execution of the thesis research
work, four different problems related to both single phase residential micro-grid as
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well as three phase industrial micro-grid are considered. It should be noted that,
inside a typical multi-bus micro-grid, the common ac bus voltage can be referred
to as the grid voltage.
1.4.1 Inverters for single-phase residential micro-grid
It can be seen from the previous Section that, the widely accepted renewable en-
ergy source based DC/AC inverters are grid connected systems in the single phase
application as shown in Figure 1.8. The grid connected DC/AC inverters feed har-
vested power to grid directly i.e. the topology is referred to as parallel connected
topology. The loads are also connected in parallel to the inverter. Most of the loads
connected to the micro-grid are non-linear in nature which draws non-sinusoidal
currents distorting the voltage at the point of common coupling (PCC) as shown
in Figure 1.14. To solve this problem, another inverter is connected in parallel to
the load to reduce the harmonic distortion in the grid currents. This extra inverter
circuit is called Power Factor Correction (PFC) circuits. Such PFC circuits are
referred as typical active power filters as shown in Figure 1.15. For a typical user,
who has his/her own renewable energy sources and his/her own residential loads,
needs two parallel connected inverter for the operation of overall system and the
cost of the overall system increases. In most of the cases, the renewable energy
harvested is partially stored in the battery or flywheel based systems and partially
supplied to the load. Rest of the load power comes from the grid. However, if the
consumer loads are not operating, the person can choose to feed all the surplus
power to the grid. This calls for a high-bandwidth control of active and reactive
power flow from or to the grid irrespective of the load current with unity Displace-
ment Power Factor (DPF) and at the lowest possible Total Harmonic Distortion
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Figure 1.15: Illustration of typical PFC circuits.
(THD) in the grid current. The power control methodology by controlling the
current of the inverter is a standard practice these days, however, for single phase
application, the control methodology as well as control technique needs to be refor-
mulated as the controlling quantities in synchronously rotating ‘d − q’ axis frame
is not directly applicable in the case of single phase inverter application.
In the parallel connected topology, the load is connected directly to the micro-
grid at the PCC. So, if there is any disturbances in the micro-grid common ac bus
voltage, i.e. in the grid voltage such as sag, swell or any other type of harmonic
distortions due to the operation of other non-liner loads in the micro-grid, the
consumer specific loads need to sustain all these disturbances. This may damage
the critical sophisticated loads. Hence, there is a need for the inverter topological
connection which interacts with the grid as well as load and the renewable energy
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source in such a way that, not only the load power is shared between the renewable
energy source and the grid, but also, the load sees high-quality voltage despite of
any problems in the grid voltage.
1.4.2 Inverters for three-phase industrial micro-grid
The three-phase micro-grid system is the favorable configuration in an industrial
power system. However, due to some intermediate fault or asymmetrical load
sharing in the three phases, the common ac three phase bus voltages, which is
also referred as grid voltage, gets distorted due to harmonic contamination as
well as unbalanced. Even, in the micro-grid due to construction asymmetry, the
line side inductors used for the renewable energy source connection to the grid
can also be unbalanced. On the other hand, industrial non-linear loads are also
connected at the PCC in parallel with the three phase renewable energy inverter.
A method needs to be derived to model the control structure of such unbalanced
system, thereafter current control of the inverter needs to be ensured to control the
power sharing of the load power between the grid power and the renewable energy
source based inverter with controlling the THD of the grid current to prevent
further distortion of the grid voltages. A power control methodology and current
controller need to be devised to handle such issues in such an asymmetrical and
distorted three phase micro-grid system. The DC link side ripple control should
also be taken as one of the criterion of the control methodology.
The six-switch (b-6 topology) three phase voltage source inverter (VSI) based
renewable energy sources are emphasized in details in [33]-[34]. It can also be
highlighted that the VSI is operated in current control mode (CCVSI operation) to
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ensure power balance between different elements in the micro-grid. The number of
power electronic switches needed for b-6 inverter topology is six during the overall
operation. To optimize the overall power circuit of the micro-grid, a cost effective
solution for the power circuit is to replace the traditional six switch (b-6 topology)
with a four switch three phase inverter topology is to be investigated. The four
switch inverter topology is referred as b-4 topology in the literature. The successful
implementation of such an optimized switch inverter control is desired to reduce
the implementation cost of the overall micro-grid system.
1.5 Literature Review
The grid connected inverters are popular in three-phase micro-grid to have active,
reactive power flow control [1] as well as used as active filter to minimize the har-
monic contents in the grid current drawn by the load [21]. Such works are well
established in the field of three-phase grid connected inverters as can be observed
in [32]-[56]. In [57]-[58], the current tracking is carried out using Proportional Res-
onant (PR) controllers implemented in synchronously rotating ‘d-q’ frame and the
current control facilitates active and reactive power flow control of the inverter to
the grid. In [32], the grid current harmonics are reduced by using P-I and multiple
P-R controller implemented in synchronously rotating ‘d-q’ frame. Similar type
of current control is also reported to be carried out by Repetitive Controller (RC)
[59]-[62] as well as Iterative Learning Controller (ILC) [63]. Some improved current
control techniques for three phase grid connected inverters are reported recently in
[75]-[80]. All these current controls are implemented in the synchronously rotating
‘d-q’ frame. In [76] a method is discussed to control active and reactive power flow
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for a three phase grid connected inverters for islanded operation. Newton-Rapshon
repetitive iteration method is used to calculate the inverter voltage magnitude
and voltage angles to control the power flow. However, because of the repetitive
calculation, the control process is slower than the other developed methodologies
of grid power control. Besides these, in the case of single phase grid connected
inverters, the well known ‘a-b-c to d-q’ transformation concept cannot be used di-
rectly. An approach is proposed in [64] to facilitate current control of single phase
inverters using ‘a-b-c to d-q’ transformation based synchronous reference frame
controllers by introducing an extra imaginary ‘q’ axis. Some approaches are shown
in [65]-[66], where the current of the single phase grid connected inverter is directly
controlled without using imaginary ‘q’ axis concept. The analysis given in [65] and
[66] pronounces that, the structure of the controllers become more complex with
the increase in harmonic contents in the current to be tracked. This controller
structure requires the fundamental operating frequency of grid to be constant. A
Hysteresis controller based single-phase grid connected inverter current control is
proposed in [81]. Ho et. al. proposed a Hysteresis controller which can be im-
plemented using constant switching frequency of the power electronics switches.
However, the presented experimental results reflects the presence of chattering in
the current waveforms.
In order to take care of the voltage dip problems in single phase micro-grid,
a single phase inverter is needed to interface between the micro-grid, load and
renewable energy sources. Such type of inverter is first proposed in by Fei Kong
et. al. [68]. Fei Kong et. al. proposed a single phase series connected PV inverter
to mitigate the sag and swell problems in weak power grids in developing countries
like P. R. of China or India. The series inverter discussed in [68] uses PV energy
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to regulate the load voltage under the voltage disturbances in the grid, with some
energy savings (using PV energy) as an extra benefit. The basic structure of the
proposed series inverter [68], is a two level inverter structure utilizing costly bi-
directional power switches. The series connected inverter works in two modes:
during day time if there is voltage sag or swell in the grid voltage, the inverter
would add or subtract a compensating voltage (in phase with the grid voltage)
component to maintain the load voltage constant. During night time, when there
is a voltage swell, the same inverter operates like a voltage regulator (AC/AC
converter[69]) by tapping the grid voltage itself using the technique discussed in
[70]. This type of grid voltage disturbance problems are very common in case of
micro-grid application. So, the same series inverter is applicable to interface AC
loads with renewable energy sources as well as micro-grid. The total load power is
shared by the renewable energy source based inverter and in micro-grid, with an
additional benefit of load voltage regulation. In the control strategy proposed in
[68], the compensation voltage, which is in phase of the grid voltage is added in
series with the grid voltage. This results in the condition that the same load current
flows through the inverter, grid and load. The series inverter compensation voltage
is used to regulate the load voltage but the active power flow through the series
inverter as well as the grid cannot be controlled. Besides this, the power factor
seen by the grid terminal is same as that of the connected load [68]-[70]. It should
also be noted that during conditions, when the grid voltage does not undergo sag
or swell, the series inverter does not provide any compensation voltage which leads
to the condition that the series inverter behaves like an idle element under healthy
condition in the grid. So, load power cannot be shared by renewable sources if the
grid is at healthy condition.
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These disadvantages associated with the preliminary series inverter control
mentioned in [68]-[70] can be resolved using the vectorial addition of inverter voltage
with grid voltage to ensure both load voltage regulation and inverter power flow
control. The load voltage controller of the proposed series inverter system has two
tasks: (1) to maintain a load voltage with a specific magnitude and a specific phase
in relation with the micro-grid voltage - which can be classified as a voltage tracking
problem, (2) the load voltage should be free of grid voltage harmonics - which can be
classified as a grid voltage harmonics elimination problem. An additional problem
associated with the micro-grid is that due to the unpredictable loading condition
in the total micro-grid network, the frequency of the grid can change suddenly.
But, the series inverter voltage has to synchronize instantly with the grid voltage
to avoid any power line oscillations [71] and [72]. Both the problems, i.e. tracking a
sinusoid and eliminating harmonics can be seen like eliminating steady state error
at selected frequencies, with the fundamental frequency itself has a possibility of
varying. These problems have been reported in the literature and solved using
nonlinear controllers, i.e. resonant controller [32], [39], repetitive controller [59]
and [60] and iterative learning controller [63]. A typical work in the similar line
as harmonic elimination of voltage source inverter is also reported in [73]. Chen
et. al. [73] mainly dealt with the elimination of harmonics in the load voltage due
to non-linearity associated with the PWM process and other nonlinear phenomena
related with the circuit. In this stand-alone inverter application, both the inverter
voltage frequency and the repetitive controller tuning frequency is decided by the
internal timer placed in the controller, resulting no chance of frequency mismatch.
But in the series connected inverter, the load voltage phase reference is taken
from the fundamental component of the grid voltage using the phase-lock-loop.
So, if resonant controller, repetitive controller or time domain iterative learning
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controller are used and the fundamental tuning frequency of those controllers are
fixed at rated frequency 50 Hz and if there is a sudden change of grid fundamental
frequency from its rated value, the control system suffers from synchronization
problem and load voltage becomes oscillatory.
Grid connected renewable energy source based three-phase inverters are well
documented in the literature [33]-[34] to facilitate renewable energy usage glob-
ally. The most popular topology is Current Controller Voltage Source Inverter
(CCVSI) mode to control the active and reactive power flow of the grid as re-
ported in [34]. It is discussed also in the cited papers that high band-width grid
active, reactive power control and unbalanced grid current shaping are facilitated
by directly controlling the currents of the CCVSI system. The thesis is directed
towards the proposition of a high-performance current controller for such type of
three phase unbalance grid connected renewable energy inverters. High band-width
current control for three phase grid connected CCVSI is reported in [32], [34] and
in [84]-[86]. The controllers are implemented in synchronously rotating reference
frame using PI controller or stationary reference frame using Proportional Res-
onant (PR) controller or in a-b-c frame using Hysteresis controller or Deadbeat
controller. A Predictive controller based current control scheme implemented in
synchronously rotating reference frame is proposed in [87]. It is well known that
current controllers implemented in synchronously rotating reference frame suffer
form the problem of grid frequency drift and hysteresis type controllers face the
problem of finite sampling frequency if implemented in digital controllers or suffer
from the problem of high semiconductor device switching loss if implemented using
analog controller. Predictive Controller is also proposed in [88] for balanced grid
connected active filter application. These research works only take care of the bal-
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anced grid and balanced inverter line side impedance interactions. However, with
the increasing research in the field of micro-grid, unbalanced grids are the focus of
research[29].
Current control of unbalanced grid connected DC/AC inverters is reported in
[89]-[91] and the same for AC/DC rectifiers is reported in [59]-[60]. In these papers,
dual synchronously rotating frame based current control is proposed and different
high performance controllers are used to have high bandwidth current control in the
case of unbalanced grid conditions. However, the methods used in these papers deal
with symmetrical unbalance (absence of zero sequence component), balanced three
phase choke connection between the inverter and grid and also no compensation
for the unbalanced non-linear current drawn by the loads connected in the grid.
Besides these, implementation of such controllers needs the feedback variables in
both +ve and -ve rotating synchronous reference frames. Which in turn necessities
the dual frame Park transformation process using the Software Phase Lock Loop
(SPLL) [33], [92]. This faces the problem of huge online computation of the overall
system and delay due to the dynamics associated with the SPLL block under sudden
changes in grid phase in case of intermittent fault inside the micro-grid.
The most popular power control method for grid connected three phase invert-
ers is known to be the Direct Power Control(DPC). In DPC, an optimal switching
table is utilized to generate the PWM voltage references in order to minimize the
error in average active power demand and reactive power demand[93]. However,
this results in varying switching frequency of the power electronics devices restrict-
ing the use of circuit components and fixed bandwidth digital signal processor for
controller application. A constant switching frequency based DPC is reported in
Chapter 1. Introduction 30
[94]-[96] to apparently solve the varying switching frequency problem. However,
the method suffers from delay as well as parameter uncertainty problem in the grid
connected application. Active and reactive power control for three phase inverter
connected to the unbalanced grid is also reported in [97]. In [97], a method is de-
scribed by Garcia et. al. to compensate for the harmonic active as well as reactive
power. The method calculates the active as well as reactive power by means of dot
and cross product of instantaneous voltage and current vectors and compensates for
the oscillatory component of both active as well as reactive power by isolating the
oscillatory component using finite mean value technique. However, this method
shows harmonics in actual active as well as reactive power along with harmonic
contamination in grid currents because of the interaction of instantaneous currents
and voltages. It is also mentioned in [97] that minimizing oscillations in any one
component of power(active or reactive) results in increased oscillations in the other,
while suppressing oscillations in both the power components tends to distort the
current waveform. The conclusions can be explained in a more generalized way by
the analysis provided in [98]. It can be seen from [93]-[98] that, the VSI system
is directly connected to the three phase grid. Any loads connected to the point of
common coupling (PCC) at the three phase grid are not addressed in these papers.
However, loads connected in PCC is considered in [76]. The method described in
[76] utilizes separate controller for each of the line current harmonics to improve the
current and voltage THD as well as uses Newton-Rapson based iterative method
to facilitate control action. These leads to further more computation loads on the
processor and its associated delay in the overall system dynamics.
Power control of unbalanced grid connected VSI is also reported in [30], [59]-
[60] and [99]-[100]. These papers use three phase p-q theory based approach to
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deal with the VSI current estimation. In [30], [59]-[60], the authors describe how
p-q theory based method can be used to reduce the even harmonic component
[31] of active as well as reactive power in case of three phase PWM rectifier to
eliminate the DC link voltage ripples and unwanted current harmonics. Whereas,
in [99]-[100], the proposed method deal with the elimination of double frequency
harmonics in active as well as reactive power in the application of three phase
grid connected inverter for unbalanced grid condition using the same p-q theory
approach. It can be noted that in these references, the current calculation is carried
out in dual frame synchronously rotating reference frame utilizing dual frame d-q
theory to deal with unbalance in the grid voltage. It can be understood that,
calculation in dual frame d-q needs computation of Park’s Transformation and its
inverse in realtime along with the positive sequence grid voltage phase. In [59]-
[60], it is well described that, the positive sequence grid voltage phase is estimated
using a software based phase lock loop (SPLL) [101] placed after the extraction of
the positive sequence component of grid voltage. It can be understood that these
calculations require significant mathematical computation burden on the processor
and specially, the SPLL needs a dynamic computation time delay to get in operation
under sudden change in grid frequency. The dedicated p-q-r theory, which is an
extension of traditional p-q theory, is also proposed in [102]-[103] to take care of
the zero sequence active power components.
An attractive alternative method of CCVSI current reference calculation,
namely FBD, is discussed in [104]-[108]. FBD method is significantly different
from the traditional p-q method and the current reference directly can be calcu-
lated in the a-b-c frame as described in the cited papers. Even in the case of
unbalanced grid voltage, the grid voltages need not to be split into positive and
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negative sequences space vectors unlike the case in p-q theory. However, a large
number of online memory allocation is needed to store the squared voltage quan-
tity samples over half electrical cycle of the fundamental grid voltage to correctly
implement FBD method of calculating current reference. Moreover, in the FBD
method, each grid phase current reference is in phase with corresponding grid phase
fundamental voltage resulting in the presence of a huge double harmonic power in
the instantaneous power in the case of unbalanced grid condition. This double har-
monic instantaneous power manifest as the double harmonic quantity in the DC
link increasing the value of capacitor in DC link. It can also be noted that, in the
implementation of FBD method, the need of SPLL is also not there. However, if
there is a change in grid fundamental frequency, the number of samples needs to be
changed. In the present form of FBD, the dynamic change of number of samples
is not provisioned in the case of grid fundamental frequency change.
Besides these techniques, a significantly different technique for calculating
inverter current reference is analyzed in [109]-[110], namely CPC method. It is
also reported that the CPC method utilizes Recursive Discrete Fourier Transform
to calculate equivalent conductance and susceptance of the asymmetrical load to
compensate for the reactive power as well as harmonic power. As mentioned in
[109], that the method is hugely computational intensive and difficult to implement
in real time. Hence, this method is also not investigated in details in the report.
The six-switch (b-6 topology) three-phase voltage source inverter (VSI) based
renewable energy source based inverters are emphasized in details in [33]-[34]. It
is also highlighted that the VSI is operated in current control mode (CCVSI oper-
ation) to ensure power balance between different elements in the micro-grid. The
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number of power electronic switches needed for b-6 inverter topology is six during
the overall operation. To optimize the overall power circuit of the micro-grid, a cost
effective solution for the power circuit is to replace the traditional six switch (b-6
topology) with a four switch three phase inverter topology is proposed. The four-
switch inverter topology is also known as b-4 topology as discussed in [111]-[119].
In the four-switch inverter, one of the grid terminal is connected to the the center
tap of the DC-link capacitors so that the overall operation needs two less num-
bers of IGBTs as also highlighted in the cited literature. The peak voltage of the




whereas the same quantity for the six switch
inverter is Vdc
2
reducing the overall voltage utilization factor of the power circuit.
Other than that, the DC link center tap voltage also fluctuates at the fundamental
frequency of the phase current due to the flow of AC current through the center
tap point of the DC link causing fluctuation of the inverter voltages around the
steady value. Besides these, if the DC link split capacitors are not equal (which is
the case always), there is a possibility of over-modulation of switch PWM process
to take care of this DC link mid point voltage.
The four-switch inverters (b-4 topology) are used previously for developing
cost effective induction motor drives which can run both in single-phase as well
as three-phase power supply as reported in [111]-[119]. In the papers [114]-[119],
different methods are discussed to perform asymmetrical Space Vector Modulation
(SVM) to take care of the DC-link mid point voltage fluctuation. Different type
space vector modulation techniques for the four switch inverters for induction motor
drive application is also proposed by Blaabjerg et al. in [111]. This process ensures
the inverter voltage vector to follow a desired space vector. The PWM method
is further modified in [112]. In this modified method, the voltages of each of the
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half DC link capacitors are measured and the difference is directly included in the
modulation process. This method needs extra voltage sensors to measure the half
DC link voltages. Besides, if the voltage sensors have phase delay associated with
the measurement process, the compensation sufferers from inaccuracy. Kim et.
al. in [113] discusses an alternative method to compensate for the DC link mid
point voltage fluctuation by inserting a virtual equivalent impedance in the phases
which are not connected to the DC link mid-point to compensate for DC link mid-
point voltage fluctuation. This method also needs the information of instantaneous
value of current of the phase which is connected to DC link mid-point. This current
measurement error also effects the performance. Other than that if the DC link
split capacitor values are not known perfectly, the impedance injection becomes
erroneous.
1.6 Contribution of this thesis
The problem statement of this thesis covers different aspects of single-phase and
three-phase micro-grid systems. The Section, ‘Literature survey ’, states several
similar solutions relating to those problems; however none of the papers or articles
describes concrete solutions for those problems related to the micro-grids. The
thesis is directed towards investigations of different terminal problems of the loads
related to the micro-grids. In the presence of harmonic distortions or other types
of disturbances in the grid, the proposed power electronic solutions reduce the
power consumptions of the load from the grid with renewable energy penetration
while load operation is not affected by the grid voltage disturbances as well as load
operation cannot further deteriorate the grid voltage quality. The contributions of
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this thesis are as following:
• Control methodology of single-phase parallel connected renewable energy
source based inverter connecting to micro-grid to control active and reac-
tive power flow with grid current shaping.
• Control methodology of single-phase series connected renewable energy source
based inverter connecting to micro-grid to mitigate voltage related problems
along with active power flow control.
• A Lyapunov function based current controller to control active and reactive
power flow from a renewable energy source to a generalized three-phase micro-
grid system.
• Derivation of instantaneous current references for multi-phase PWM inverter
to control active and reactive power flow from a renewable energy source to
a generalized multi-phase micro-grid system: the p-q theory based approach.
• Derivation of instantaneous current references for multi-phase PWM inverter
to control active and reactive power flow from a renewable energy source to a
generalized multi-phase micro-grid system: the FBD theory based approach,
• Application of four-switch based three-phase grid connected inverter to con-
nect renewable energy source to a generalized unbalanced micro-grid system
Brief description of each of the contributions of this thesis is given in Appendix I.
Chapter 1. Introduction 36
1.7 Organization of this Thesis
Chapter 1 is presented to introduce the background and motivation of the thesis
work. The basic operation of the multi-bus micro-grid and the associated single
phase and three phase PWM DC/AC inverters to interconnect renewable energy
sources to the micro-grid is explained. Problems associated to the disturbed grid as
well as unbalanced grid are identified. Motivation behind the selected work is also
explained. A brief literature review is also provided to highlight the past works to
solve similar problems. Contributions of the thesis work is listed to differentiate
from existing solutions.
Chapter 2 describes the state-space modeling of the parallel connected single
phase renewable energy source based inverter with grid as well as non-linear load.
The inverter operates in current controlled voltage sources inverter (CCVSI) mode.
The aim of operation of the inverter is that the single inverter operates in such
a way that, the total load power is shared between the grid and the renewable
energy sources along with maintaining unity DPF of the grid current with minimum
possible THD of the grid current at the presence of non-linear load connected at
the PCC. A novel method of calculating current references for the CCVSI using
the single phase p-q theory is proposed to control the grid active as well as reactive
power flow with minimum grid current THD assurance.
Chapter 3 discusses about the current controller for the single phase paral-
lel grid connected inverter to ensure grid active as well as reactive power along
with minimum THD of grid current at the presence of the non-linear load at the
grid PCC. A Lyapunov function based current tracking controller is designed and
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implemented. The current controller is special in comparison with conventional
current controllers because of the reason that , the CCVSI current reference is a
non-sinusoidal periodic wave because of the two fold work as mentioned before.
A SRC is also used to estimate the grid and other periodic disturbances such as
inverter non-linearity due to blanking time etc to further improve the operation of
the current controller. Detailed experimental results are provided to emphasize the
efficacy of the proposed system.
Chapter 4 presents the analysis and design of the single phase series connected
renewable energy inverter. The PWM inverter operates in voltage controlled mode
(VCVSI) unlike the parallel connected inverter. How the vectorial addition of the
inverter voltage with the grid voltage non only regulates the load voltage under grid
voltage disturbances but also shares the active power required by the load with the
grid is described in this Chapter. A detailed vector analysis is provided to facilitate
the design of the DC link voltage requirement and other circuit restrictions.
Chapter 5 describes the control methodology for the series inverter to regulate
the load voltage as well as control the active power flow through the inverter. The
proposed control system ensures high quality sinusoidal load voltage across the load
in the presence of grid voltage disturbances such as sag or swell or severe harmonic
distortion along with controlling the active power flow from the renewable energy
sources through the inverter. A Spatial Repetitive Controller(SRC) is proposed
for this operation. The proposed SRC operates to ensure the rated undistorted
load voltage in the presence of any grid voltage disturbances. The proposed SRC
also operates in the case of sudden change in the grid frequency as well. Another
Lyapunov function based load voltage controller is also analyzed and designed for
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the series inverter configuration. The operation of the Lyapunov function based
controller is shown to be faster than the SRC. A detailed analysis as well as exper-
imental results are provided to test the efficacy of the proposed series inverter and
the control system under different operating conditions.
Chapter 6 deals with modeling of the three-phase grid connected renewable
inverter under generalized grid voltage condition and unbalanced line side induc-
tance connection. The modeling is carried out in state-space domain to facilitate
the direct control inverter currents in the a-b-c frame. The modeling method can
take the symmetrical as well as asymmetrical unbalance of the three-phase grid
voltage. The modeling method can also take into account arbitrary distortions in
the three phase grid voltages also. The modeling method can be applied in the
case for both three phase six switch grid connected inverter topology (b-6 topology)
as well as three phase four switch grid connected inverter topology (b-4 topology).
The modeling method is used to formulate the control input to facilitate the current
control of the three phase inverter. This Chapter is directed towards the formula-
tion of a Lyapunov function based controller utilizing the state-space model of the
three phase generalized grid connected renewable energy source based inverter to
control the inverter currents directly in the a-b-c frame. The proposed controller
ensures high band-width active and reactive power flow control from the grid with
minimum possible THD of the grid current even in the presence of non-linear load
at the grid. The control methodology ensures energy savings of grid power con-
sumption by the load by compensating with the renewable energy source based
inverter power flow. A SRC is also proposed to improve the performance of the
proposed Lyapunov function based current controller for grid current tracking.
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Chapter 7 deals with the current reference generation methods of a multi-
phase renewable energy inverter to ensure specific active and reactive power flow
along with minimum possible grid current THD in the presence of non-linear load
at the grid. The grid can be any distorted, unbalanced generalized multi-phase
grid. Different power control methodologies, i.e. p-q and FBD methods are used to
generate the grid current references. The effect of these current reference generation
methods on the DC link side ripple is also investigated. The details implementation
methods of these systems are described. The proposed method is shown to be
grid fundamental frequency independent. A Complex Notch Filter is designed to
extract the +ve as well as -ve sequence components of the grid voltages. A Rotating
Reference Signal Characterizer (RRSC) method is also proposed to estimate the
magnitude, frequency and phase of the positive and negative sequence voltages is
also proposed. Detailed experimental results are provided during the tracking of
inverter currents to control the grid active as well as reactive power along with
controlling grid current THD under different operating condition as well as grid
with different grid current generation schemes. Experimental studies are carried
out on a three phase inverter system connected to a three phase grid in the presence
of three-phase non-linear load.
Chapter 8 deals with application of four switch three phase inverter (b-4 topol-
ogy) in generalized grid connected condition. The grid active as well as reactive
power control in presence of non-linear loads at the PCC with grid current THD
control by controlling the CCVSI currents with the same controller proposed in
Chapter 6 is investigated for b-4 inverter topology of the grid connected inverter.
Sine PWM is used instead of the complex four switch space-vector PWM meth-
ods. The problems of DC link mid-point voltage fluctuation as well as unbalance
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DC link split capacitors are also addressed. The proposed controller is capable of
handing all these well known b-4 inverter problems for three phase grid connected
application. Detailed experimental results are provided to show the efficacy of the
proposed method.
Chapter 9 summarizes the concluding studies of the work described in this
report and some new dimensions are discussed that can be undertaken in future.
1.8 Summary
This Chapter introduces the performance related problems of single-phase as well
as three-phase renewable energy source based DC/AC PWM inverters for micro-
grid application. The operation of the inverters are considered under distorted,
unbalanced grid condition as well as in the the presence of non-linear load. The
main contribution of the thesis are then listed. The structure of the thesis is
provided along with the focus of each of the Chapters. The experimental platforms
used for validating the proposed methods are also described in this Chapter.
Chapter 2
Mathematical model, active and
reactive power flow control of
single-phase parallel connected
renewable energy source based
inverter
All the controller design methodologies for any system need a good understanding
of the dynamic behavior of the plant. Representation of the plant in a mathemati-
cal form leads to the convenience of analysis and controller design. In this Chapter,
firstly a mathematical model of the parallel connected single phase renewable en-
ergy source based inverter is discussed. The model is used to derive the state-space
model of the overall system. The PWM inverter is connected in parallel with the
common AC bus of the micro-grid and the load is also connected to the same point
of common coupling. For typical non-linear loads, the current drawn from the
common AC bus is non-sinusoidal leading to distortions of the AC bus voltage. So,
there is a two fold requirements of controlling the active and reactive power flow
from the grid while maintaining the grid current drawn from the common AC bus
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to be sinusoidal. A single-phase p-q theory [120]-[121] based approach is used to
perform both the functions together using only one inverter. The single-phase p-q
theory based approach is used to derive suitable current reference for the parallel
inverter so that, the total load power is partially supplied by the renewable en-
ergy source based parallel inverter and partially from the common AC bus with
sinusoidal current and controllable power factor condition.
2.1 Description of the inverter configuration and
its control
2.1.1 Description of the inverter assembly
The highlighted part in Figure 1.1 is further analyzed in this Section. Figure 2.1
shows the schematic diagram of the power circuit of the parallel connected inverter
assembly interconnecting the load and the micro-grid. The inverter power circuit is
preceded by a set of renewable energy extracting apparatus as can be seen in Figure
2.1. Figure 2.1 also shows that, the renewable energy extractor is directly connected
to power electronic converter, PEC. The PEC is a typical DC/DC converter if
the renewable energy extractor is a PV panel or a fuel cell based system and a
typical AC/DC converter if the renewable energy extractor is a permanent magnet
or induction machine based wind turbine. The PEC output is connected to the
DC link of the PWM voltage source inverter (VSI). At the DC link of the PWM
VSI, an energy storage element, battery is also connected in parallel with the PEC
converter output. As depicted in Figure 2.1, the PWM VSI, is directly connected
in parallel with the micro-grid, operating in CCVSI mode. The load is directly
connected to the micro-grid. The PEC converter is operated in such a way that
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Figure 2.1: Power circuit of the single-phase micro-grid connected inverter.
the renewable energy source operates at Maximum Power Point (MPP) [36], [74]
and the MPP active power, Pmpp is extracted from the renewable energy source.
The details of the MPPT circuit in the case of PV system is explained in Figure
B.1 in Appendix B.
2.1.2 Control strategy of the inverter
In Figure 2.1 it is shown that, the load requires the active power, PL and the
reactive power, QL (load complex power SL = PL + j QL). If the inverter is not
operated, load draws the full complex power, SL from the Local Bus. In reality, the
inverter is connected in parallel to the micro-grid, with local bus voltage, vg. The
current, ic of the CCVSI is controlled in such a way that, the inverter supplies active
power, Pinv and reactive power, Qinv to the Local Bus of the micro-grid (the Local
Bus is getting complex power Sinv = Pinv + j Qinv from the inverter). In normal
operating conditions, the active power, Pinv, supplied by the CCVSI, is less than
the extracted renewable power, Pmpp (Pinv ≤ Pmpp) and the rest of the renewable
power is stored in the battery (Pbat = Pmpp − Pinv). The discussions here make
it clear that, only part of the load power demand: active power, Pg = PL − Pinv
Chapter 2. Modeling of single-phase parallel inverter 44
and reactive power, Qg = QL − Qinv are drawn from the Local Bus connected
to the micro-grid. Initially Pinv is controlled in such a way that Pbat is positive
to charge the battery. When battery is fully charged Pinv = Pmpp is maintained
to transfer the entire extracted renewable power, Pmpp to the load. The battery
energy is used to feed the load if the renewable energy is not sufficient to supply
the load during intermittent grid failure condition. In the actual system, the values
of Pg and Pinv under different operating conditions are to be set by an automatic
controller but in the laboratory prototype, Pg and Pinv are manually changed to
test the proposed control strategy in the laboratory environment. The reference
of the current, i∗g, drawn from the Local Bus, is derived from Pg and Qg using the
single-phase p-q theory approach [120]-[121] to ensure specific active and reactive
power flow (Sg = Pg + j Qg) from the Local Bus connected to the Common Bus
(as shown in Figure 1.1) of the micro-grid. The details of the current reference
calculation is discussed in the next few Sections in this Chapter. If the active
energy storage elements are not present at the DC link of the inverter, the inverter
active power flow, Pinv command is controlled to stabilize the voltage of the DC
link capacitor as discussed in Appendix C. However, it is considered in here and
in the subsequent chapters that, the inverter DC link voltage is stabilized by the
active energy storage element.
2.2 Modeling of the CCVSI system
Assuming that the PEC converter is extracting MPP power from the renewable
energy source and the storage element battery is operating properly, the inverter dc
link can be modeled as a DC power source. From this stage onwards, the Local Bus
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Figure 2.2: Simplified power circuit for the single-phase parallel CCVSI.
voltage, where the targeted load and the renewable energy source based inverter
are connected, is called the grid voltage, vg. In order to ensure proper power flow,
a fast current tracking controller is needed. The current tracking system of the
CCVSI can be modeled as a first order system as shown in Figure 2.2. Neglecting
the switching frequency related harmonics voltages, the voltage source inverter is
modelled as a dependent voltage source, vinv = Vdc × vc, where, vc is the control
signal of the sine PWM process. The dynamic equation of the CCVSI current, ic











To analyze the system from control point of view, the state of the system is chosen
as: x = ic, control input, u = vc, disturbance input d = − 1Lvg, state function
f(x) = −R
L
ic and the input function b(x) =
Vdc
L
. So the state equation of the
system can be written as,
dx
dt
= f(x) + b(x) u + d (2.2)
However, the considered model of the SPWM inverter is simple and it does not
consider any unpredictable non-linear periodic disturbances dup (one such possible
source is the blanking time in the inverter driver circuit). In actual circuit, these
non-linear periodic disturbances play important roles. In practical cases, the dis-
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Figure 2.3: (a) Simplified power circuit of the single-phase micro-grid connected
inverter and (b) real, imaginary axis quantity.
turbance term d in (2.2) consists not only grid voltage disturbance, − 1
L
vg but also
the unpredictable non-linear disturbances as
d = − 1
L
vg + dup (2.3)
2.3 Deriving the current reference of the inverter
2.3.1 Using conventional single-phase p-q theory
CCVSI current reference, i∗c can have any type of periodic shape (i.e. sinusoidal
or non-sinusoidal shape) depending on the load. The full inverter assembly can
be re-drawn as shown in Figure 2.3(a). The load is connected to the grid voltage,
vg and the parallel CCVSI can be regarded as the the shunt active current, ic
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compensator. If the required amount of active and reactive power flow from the
grid are Pg and Qg respectively, then the reference grid current magnitude, i
∗
g, can
be found by applying p-q theory as mentioned in [120] and [121]. To apply p-q
theory, concept of real and imaginary axis is introduced as shown in Figure 2.3(b).
The real axis grid voltage is vgr = vg and the real axis grid current reference is,
igr = i
∗
g. The corresponding imaginary axis grid voltage and the imaginary axis
grid current references are vgi and igi respectively. If the instantaneous value of
a quantity in real axis is known, the instantaneous value of the corresponding
quantity in the imaginary axis can be estimated by passing the real axis quantity
value through the Hilbert transform (providing 900 phase lead to all the frequencies)
as mentioned in [121]. In [120], the Hilbert transform operation is approximated as
passing the real axis quantity through the all pass filter H(s) = 1−T s
1+T s
, where T = 1
ω
and ω is the fundamental power frequency in rad/s. By using this technique, vgi is
estimated from the instantaneous measurement of vgr. So, in terms of time domain
convolution, vgi(t) = h(t) ∗ vgr(t). The frequency characteristics of this all pass
filter can be noticed as:
H(j ω) =
1− j T ω
1 + j T ω
= 1 6 − 2 tan−1(T ω) (2.4)
It can be noted from (2.4) that at ω = 1
T
, H(j ω) = 1 6 − pi
2
. So, the voltage space
vector formed in this system can be expressed as:
−→
V = vgr + j vgi (2.5)
The current space vector formed in this system can be expressed as:
−→
I = igr + j igi (2.6)
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Figure 2.4: Block diagram of the calculation of CCVSI current reference.
Now by using (2.5) and (2.6), the complex power, S, drawn by this virtual two






= (vgr + j vgi) (igr − j igi)
= (vgr igr + vgi igi) + j (vgi igr − vgr igi)
= 2Pg + j 2Qg (2.7)
Using p-q theory, the instantaneous active and reactive power flow balance equation














The multiple of ‘2’ in left side of (2.8) is due to the fact that, to use the space
vector concept in power calculations, the imaginary axis is introduced, so the total
power shown in left side of (2.8) is taking care of the total power handled by both
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the real and as well as imaginary axis. By inverting the matrix in (2.8), the igr and
igi can be solved. The real grid current reference, i
∗
g can be calculated as,
i∗g = igr =





If Krichoff’s Current Law (KCL) is applied at the PCC terminal, the reference
current for the CCVSI is found by measuring the load current, iL as given by,
i∗c = iL − i∗g (2.10)
So, by sensing the instantaneous load current, iL and the grid voltage, vg, the in-
stantaneous value of the CCVSI current reference, i∗c can be found using (2.9) and
(2.10) depending on the micro-grid active as well as reactive power flow require-
ments, Pg and Qg respectively as shown in Figure 2.4. If grid voltage, vgr contains
harmonics, the grid voltage is pre-processed through a notch filter tuned at grid
fundamental frequency before passing into the current reference calculation block
shown in Figure 2.4. More analysis on single phase p-q theory is given in Appendix
E.
2.4 Summary
This Chapter deals with the formulation of state-apace modeling of the parallel
connected renewable energy source inverter. The state-space model derived in
this Chapter is used to formulate the high-performance control law to control the
CCVSI current as discussed in details in the next Chapter. The proposed method of
deriving the CCVSI current reference in this Chapter is to ensure the proper active
and reactive power from the grid along with current shaping of the grid current. The
current reference for the CCVSI derived with the method discussed in this Chapter
Chapter 2. Modeling of single-phase parallel inverter 50
is tracked by the high-performance controller described in the next Chapter to meet
the power flow and grid current THD requirements. Detailed experimental results
are provided in the next Chapter along with the current tracking to ensure the
proper control of the CCVSI current in order to ensure the proper grid active and
reactive power flow along with grid current shaping.
Chapter 3
Implementation of control
strategy for the single-phase
parallel connected renewable
energy source based inverter
Renewable energy sources are interfaced to the micro-grid using the parallel con-
nected inverters connected to the common AC bus. The load is also connected in
parallel to the common AC bus in the micro-grid. Total active and reactive power
drawn from the common AC bus by the load is partially supplied by the inverter
and rest is supplied by the common AC bus. The control methodology is executed
by deriving the suitable current reference for the PWM DC/AC inverter using the
single-phase p-q theory based approach as discussed in Chapter 2. However, be-
cause of the variable nature of the load, the current reference of the PWM inverter
is a typical periodic non-sinusoidal wave. This Chapter focuses on designing an ac-
curate and non-linear high-performance current controller to ensure proper PWM
inverter current tracking. The stability analysis of the entire control system is also
analyzed and the efficacy of the proposed control system is supported by adequate
51
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experimental results under different operating conditions.
3.1 Design of Non-Linear Control Law based on
Lyapunov function
3.1.1 Determining the Lyapunov function based control law
to ensure current control
It is needed to generate the control input, u(t) so that, x = ic tracks the reference
value, xd = i
∗
c . The dynamic tracking error can be written as e = xd − x. It
is required to find a control input u(t) such that tracking error e(t) asymptotically
converges to zero. Lyapunov direct method is used to find out the control input
u(t) for the specific application.





According to the property of Lyapunov function, V > 0 for all the conditions
except e = 0 in this case. Thus, the selected V can be mentioned to be a positive
























− f(x) − b(x) u − d
)
(3.3)
In order to make the control input, u effective enough to force the tracking error, e
to converge to zero, the first derivative of the chosen Lyapunov function needs to
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be negative definite. For the present case, the first time derivative of the Lyapunov
function is chosen as,
dV
dt
= − λ e2 (3.4)
where, λ is a strictly positive number. Comparing (3.3) and (3.4), the relationship
can be written as,




− f(x) − b(x) u − d
)




− f(x) + λ e − d
)
(3.5)
3.1.2 Estimation of the disturbance term ‘d’ to facilitate
the control action





− f(x) + λ e
)
− (b(x)−1 d)
u(t) = u1(t) + u2(t) (3.6)
(3.6) shows that the term u2(t) = (− b(x)−1 d) is dependent on the grid voltage as
well as other unpredictable periodic disturbance terms as shown in (2.3). In this
case, part of d dependent on vg can be obtained by sensing the micro-grid voltage,
vg using voltage sensor but the unpredictable part dup (as shown in (2.3)) cannot
be measured but can be estimated if the proper non-linear model of the inverter is
known. Irrespective of all these, d cannot be estimated properly due to the phase
lag associated with the voltage sensor (specially in the case of harmonic presence
in vg) and model inaccuracy of the inverter. Considering this, the estimated value
of disturbance term is d̂ is different from actual value d; and the control input can













Plugging in (3.7) in (3.3), the equation can be modified as,
dV
dt
= − λ e2 + e (d̂ − d) (3.8)




⇒ e = e1b = d̂ − d
λ
(3.9)
Under this circumstance, if the disturbance d̂ is estimated using a SRC based on the
residual tacking error, then at steady state, d̂ = d and current tracking becomes
perfect with e = 0 (as per (3.9)). So, the second part of the control signal in
(3.6) is denoted as u2(t) = usrc(t) and the first part of the control signal is called
u1(t) = ulf (t). For the micro-grid conditions, the inverter unpredictable non-
linearities as well as grid voltage do not change very often, so the slow dynamics of
the SRC control law usrc(t) is dominated by the fast dynamics of feedback Lyapunov
function based control law ulf (t). In this condition, if there is a sudden change in
current reference i∗c , the actual CCVSI current, ic is observed to follow i
∗
c almost in
no time with Lyapunov function based controller unlike the slow condition in the
case of SRC as shown later. The block diagram of the control system is shown in
Figure 3.1.
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Figure 3.1: Schematic of the proposed control system.
3.1.3 Ensuring the stability of the plugged-in Spatial Repet-
itive Controller in parallel with the Lyapunov Func-
tion based controller
As mentioned before, the dynamics of the SRC is slower than the Lyapunov function
based controller. In this case, it is required to judge the stability of the SRC when
it is plugged-in in the presence of Lyapunov Function based controller as shown in
Figure 3.1. Following the discussions in the previous paragraph, the control signal
u = vc can be written as (using (2.1) and (3.6)),











ic + usrc (3.10)




+ R ic = L λ e + L
di∗c
dt
+ R ic + Vdc usrc − vg (3.11)




+ L λ ic = Vdc usrc +
[







+ Reff ic = Vdc usrc + dmod (3.12)
Chapter 3. Control of single-phase parallel inverter 56
where, dmod =
[









the periodic quantities with the period of the fundamental grid frequency. Hence,
dmod is a periodic disturbance seen by the SRC. If (3.12) is compared with (2.1),
with Lyapunov function based controller, the Spatial Repetitive controller can be
concluded to see the effective resistance Reff = Lλ unlike the actual resistance of
the choke coil R. The discussions on (3.12) clarify that, with Lyapunov Function
based controller, the design of the SRC is to be done using the modified transfer




3.1.4 Effect of parameter uncertainty on the convergence
It is considered that the disturbance term ‘d’ in (3.5) is estimated. However,
functions f(x) and b(x) are dependent on system parameters such as inductance, L
and resistance, R. The parameters L and R of the chock coil can not be determined
accurately. As there is uncertainty in the estimation of the system parameters, then
the estimated value of the system parameters are f̂(x) and b̂(x) instead of actual
f(x) and b(x) respectively. Under such circumstances, the control input shown in





− f̂(x) + λ e − d
)
(3.13)
Plugging in (3.13) in (3.3), the resulting equation can be found as,
dV
dt
= − b b̂−1 λ e2 − e
[






= − b b̂−1 λ e2 − e D(.) (3.14)
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where D(.) =
[




(3.14) depicts that, to make dV
dt
negative definite the condition can be written as,
|b b̂−1λ e2| > |e D(.)| (3.15)
(3.15) shows that, the quantity λ needs to be big enough to satisfy (3.15) within
the appreciable range. If it is designed that the absolute value of error converges





3.1.5 Design of the Lyapunov Function based control law,
ulf(t)
The parameters used for testing the proposed control system are: the DC link
voltage Vdc = 100V , the maximum value of grid voltage |Vg|max = 50×
√
2 = 70.7V ,
choke coil inductance L = 6 mH, resistance R = 1Ω, inductance and resistance
uncertainties are considered to be 10% in each case. For the simplicity of design,
the peak value of the tracked current is considered to be |ic|peak = 6 A, and the




is considered to be
the product of peak current, |ic|peak with maximum frequency component present
in the reference current, ωes. In this case it is considered that the load current
contains harmonic up to 200th order, i.e. ωes = 1 kHz is assumed. This condition
is further ensured by putting an anti-alias filter of cut-off frequency around 1 kHz
in the feedback path. Considering these conditions, the maximum value of D(.)
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Considering absolute error bound eb = 0.01 and using (3.16), the controller pa-
rameter is found to be as,
λ >
1214
0.5× 0.01 = 242, 800 (3.18)
3.1.6 Design of the Spatial Repetitive Controller based dis-
turbance estimation control law, usrc(t)
As discussed before in (3.12), that the effective plant transfer function is changed as
seen by the SRC. The overall block diagram of the system in the grid fundamental
phase domain with both the controllers in operation as shown in Figure 3.2. zθ
Figure 3.2: Schematics control system seen by the Spatial Repetitive Controller.
is defined to be the complex frequency of the system in position sample domain
. Further in the analysis, any dynamic complex quantity ‘X (zθ)’ is expressed as
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‘X’. The output equation of the control system can be written as,
Y =
Csrc G
1 + Csrc Gmod F
Yd +
Gmod
1 + Csrc Gmod F
d1 (3.19)
The error equation (using (3.19)) can be written as,
E = Yd − Y
=
Yd (1 + Csrc Gmod F − Csrc Gmod) − Gmod d1
1 + Csrc Gmod F
(3.20)
As the analysis repeated in [59]-[62] that, the stability of the overall repetitive
control system can be ensured if the following condition is satisfied,
|1 + Csrc(zθ) Ceff (zθ)| 6= 0 (3.21)
where Ceff (zθ) = Gmod(zθ) F (zθ). To design the SRC for the control, the design
method is followed as mentioned in Chapter 5. The time domain dynamic equation
of the modified CCVSI system is shown in (3.12). The time derivative of any












= ω, electrical angular fundamental frequency (in rad/sec) of the micro-grid
and dx = x(θk+1)− x(θk), where x(θk) is the variable x at kth sample position, θk.
Additionally, dθ = ∆θ = θk+1 − θk is the step size of position sampling. So, first








× ω = m [x(θk+1)− x(θk)] (3.23)
In the actual implementation, the total 2pi radian of fundamental grid phase is
divided in N position steps resulting ∆θ = 2 pi
N
.
In grid phase sample domain, the spatial repetitive control law can be written as,
usrc(i, θk) = usrc(i− 1, θk) + Ksrc e(i− 1, θk+N1) (3.24)
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Where, usrc(i, θk) is the control output of SRC at the k
th position sample in the ith
iteration cycle, e(i− 1, θk+N1) is the error at (k+N1)th position sample in (i− 1)th
iteration cycle, Ksrc is the positive gain of repetitive controller and N1 (N1 < N)
is the number of advancement samples given to take care of the phase delay in the
plant and feedback filter path. One cycle consists of N samples in fundamental
grid phase position. The modified plant transfer function in grid fundamental phase
sampling domain is represented as,
Gmod(zθ) =
cp
zθ − ap (3.25)
where, ap = 1 − λm , cp = Ks VdcmL and Ks = 0.033 considering the gain of current
sensor (0.33) and gain of ADC (0.1) in cascaded path (as shown in Figure 3.1).
The anti-alias (second order butterworth) filter cut-off frequency is considered





Any harmonic frequency (ω1 in rad/sec) appearing in the micro-grid system
can be represented as ω1 = pω, where ω is the fundamental micro-grid frequency in
rad/sec and p is an integer. Any arbitrary frequency ω1 in steady state, zθ = e
j p∆θ
and this results in zNθ = e





= Aeff (p∆θ) e
j φc(p∆θ) with Aeff (p∆θ) being its magnitude and
φc (p∆θ) being its phase. Considering the phase advancement samples in the SRC,
N1, another variable α is derived as,
α (p∆θ) = p N1 ×∆θ + φc (p∆θ) (3.26)
Further analysis on (3.21)unfolds that, the stability condition boils down to,
Ksrc <
2min [cosα]
max [Aeff ] + δ
|α| = |p N1 2 pi
N
+ φc| < pi
2
(3.27)
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where δ is the parameter uncertainty of the system considered. To ensure stability,
(3.27) are to be satisfied for the entire range of frequencies of interest. Now, if the
SRC is opened and it is tried to find the phase delay associated with this control
action activation, the phase delay path looks like the picture shown in Figure 3.3.
It is also depicted in Figure 3.3 that, the predefined angle α can also be defined
Figure 3.3: The block diagram showing the phase delay provided by the modified
plant and anti-alias filter signal transmission.
as the phase delay provided by the modified plant and the anti-alias filter signal
transmission and the phase lead provided by the SRC. The phase lead of repetitive
controller φl is designed to nullify the signal transmission delay due to plant and
analog filter φc to enhance the tracking performance as,
α = φl + φc (p∆θ) > 0
⇒ α = p N1 2 pi
N
+ φc > 0 (3.28)
The gain of the SRC is found to be ksrcmax = 60 (considering frequency up to
1 kHz due to the presence of anti-alias filter), total sample positions in full 3600
of fundamental grid phase is N = 200, the sample advancement of the controller
is taken as N1 = 4 with fundamental grid frequency ff = 50 Hz. The gain
as well as phase plot of Ceff for different frequencies (upto cut-off frequency of
the anti-alias filter) are shown in Figure 3.4. The parameter uncertainty of the
system, δ is taken as 10% of the estimated value. The angle, α is also plotted for
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Figure 3.4: The amplitude plot (Aeff )
and phase plot (φc) with different fre-
quency (f) for Ceff (zθ) with fundamental
micro-grid frequency ff = 50 Hz with




Figure 3.5: Plot of phase angle, α for
different frequencies, f with phase angle
compensating term, N1 = 4 of the Spa-
tial Repetitive Controller with fundamen-
tal micro-grid frequency ff = 50Hz with




different frequencies. Conclusions can be drawn from Figures 3.4 and 3.5 that, the
designed SRC is stable enough to operate in parallel with the Lyapunov function
based controller.
3.1.7 Implementation of the proposed control system
The control system shown in Figure 3.1 is implemented in DS1104 dSPACE con-
troller board with sampling frequency fsample = 10 kHz. The SPWM switching
frequency is taken as fs = 10kHz. The first time derivative term in ufb is replaced
by its backward approximation rule. Considering (2.1), (2.2) and (3.6), the Lya-
punov Function based control law for PWM(control input) at kth sampling instant
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Figure 3.6: Details of the implementation method of the proposed control strategy.



















is the sampling time of the control system. The block diagram
of the implemented reference current calculator followed by the current controller is
shown in Figure 3.1. It is also shown in Figure 3.1 that, the output of the controller
is clamped by a saturation block, in actual experiment. This always ensures linear
range of operation of SPWM process.
The SRC control law is implemented as the same form as discussed in (3.24).
The detailed control system implementation is shown in Figure 3.6. The rapid
prototyping DSP dSPACE ds1104 card makes it possible to implement the proposed
control strategy efficiently.
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3.2 Experimental Results
3.2.1 Steady-state experimental waveforms
The proposed controller is validated by extensive testing on a developed prototype.
The prototype is made out of a micro-grid voltage, Vg = 50 V rms and the DC
link voltage level of the CCVSI is taken to be Vdc = 100 V . The load is taken
to be a single-phase rectifier terminated to a resistive, capacitive assembly. In this
control topology, the single parallel inverter is not only controlling the active and
reactive power flow from the grid but also compensating for the non-linear current
drawn by the load from the grid terminal. So, inverter current consists of both
sinusoidal power current and the inverse non-linear load current. The non-linear
load current has substantial di
dt
due to the capacitor termination at the DC side
of the rectifier load. To take care of the substantial voltage drop in the chock
coil of the CCVSI, the DC link voltage is taken as more than the required value.
This higher DC link voltage also ensures better transient of the proposed current
controller because of inverter PWM phenomena. The details of the power circuit
used in this work is shown in Figure 3.7. The parameters of the power circuit are
also given in Table 3.1. The load current iL is seen to be highly non-sinusoidal as
shown in the experimental results provided in Figures 3.8 - 3.13. At the specified
grid voltage level (50 V rms), the load draws active power, PL = 35 W with
unknown reactive as well as harmonic power.
At first, the active and reactive power commands to the grid are given to be
Pg = 0W and Qg = 0V ars. This ensures that, the grid current, ig is zero and the
load current is contributed by the CCVSI current, ic. The experimental results for
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Figure 3.7: Details of the power circuit used in the experiment.
Table 3.1: Parameters of the experimental power circuit
Parameter Value
DC link voltage, Vdc 100 V
RMS of nominal grid voltage, vg 50 V
CCVSI choke inductance, L 6mH
CCVSI choke resistance, R 1 Ω
Rectifier link inductance, Ls 3mH
Rectifier link resistance, Rs 0.3 Ω
Rectifier DC side capacitor, CL 2200 µF
Rectifier DC side resistance, RL 140 Ω
this condition are shown in Figures 3.8 and 3.9. Both the figures depicts that, as
Pg = 0W and Qg = 0 V ars, the CCVSI current ic = iL as expected from (2.9)
and (2.10). Figure 3.9 also verifies that the grid current ig = 0A as ensured by the
p-q calculator block. Only some small EMI flickering are seen around ig waveform
due to the interaction of the inverter and AC power supply used as grid. The DC
link current meter is shown to draw 0.35 A under this operating condition.
The control system is further tested by changing the grid power command
as shown in Figures 3.10 and 3.11. It is shown in Figure 3.10 that, when the grid
power command Pg = 30 W and Qg = 0 V ar are given, the proposed controller
controls the CCVSI current ic in such a way (according to (2.9) and (2.10)) that,
the grid current ig becomes sinusoidal with peak 0.85 A and rms 0.6 A. The grid
current ig is free of harmonics of the load current, iL. Figure 3.11 shows that,
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Figure 3.8: Experimental results of in-
verter output voltage vinv, CCVSI current
ic, load current iL and the grid voltage vg
at grid power command Pg = 0 W and
Qg = 0 V ar.
Figure 3.9: Experimental results of grid
current ig, CCVSI current ic, load current
iL and the grid voltage vg at grid power
command Pg = 0W and Qg = 0 V ar.
Figure 3.10: Experimental results of grid
current ig, CCVSI current ic, load current
iL and the grid voltage vg at grid power
command Pg = 30W and Qg = 0 V ar.
Figure 3.11: Experimental results of grid
current ig, CCVSI current ic, load current
iL and the grid voltage vg at grid power
command Pg = 20W and Qg = 0 V ar.
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Figure 3.12: Experimental results of grid
current ig, CCVSI current ic, load current
iL and voltage error verr at grid power
command Pg = 30W and Qg = 0 V ar.
Figure 3.13: Experimental results of grid
current ig, CCVSI current ic, load current
iL and voltage error verr at grid power
command Pg = 20W and Qg = 0 V ar.
when grid power command Pg = 20 W and Qg = 0 given, the CCVSI current
ic is adjusted automatically by the proposed controller making the grid current ig
in phase with grid voltage vg with magnitude 0.56A and rms value 0.4A ensuring
proper grid power flow.
As discussed before, the SRC is used to sense the disturbance component
control signal usrc (as shown in Figure 3.1). It is mentioned before that this grid
voltage vg can be sensed using a voltage sensor. As mentioned before, during the
experiment one variable is defined called voltage error verr = (Vdc × usrc) − vgs,
where vgs is the sensed quantity of the grid voltage. This voltage error quantity verr
is also investigated for different grid power command. In Figure 3.12, it is depicted
that during the grid power command Pg = 30 W and Qg = 0 V ar, the quantity
verr has significant distortion in the signal. The same error signal verr can also be
seen for grid power command Pg = 20W and Qg = 0V ar in Figure 3.13. Figures
3.12 and 3.13 make it clear that the disturbance term ‘b(x)−1 d’ shown in (3.5)
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and (3.6) cannot be calculated by sensing the grid voltage vg using voltage sensors
(otherwise verr would be flat zero in Figures 3.12 and 3.13). This indicates the
need of estimation of ‘b(x)−1 d’ term by putting the SRC (the estimated voltage is
indicated as usrc in (3.10)) in parallel with the Lyapunov Function based controller
as shown in Figure 3.1.
3.2.2 Experimental waveforms to show the transients asso-
ciated with Lyapunov Function based controller
The transient effect of suddenly changing the grid power command is shown in
Figures 3.14 and 3.15.
Figure 3.14: Experimental results of grid current ig, CCVSI current ic, load current
iL and the grid voltage vg when the grid power command is suddenly changed from
Pg = 0W and Qg = 0V ars to Pg = 30W and Qg = 0V ars:(left fig) time scale:
100ms/div, (right fig) time scale: 20ms/div.
Figure 3.14 reflects the fact that, when Pg = 0 W and Qg = 0 V ars, the
grid current is zero. But when suddenly the grid power command is changed to
Pg = 30W and Qg = 0 V ars, the grid current in almost instantaneously reached
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Figure 3.15: Experimental results of grid current ig, CCVSI current ic, load current
iL and the grid voltage vg when the grid power command is suddenly changed from
Pg = 10 W and Qg = 0 V ars to Pg = 30 W and Qg = 0 V ars:(left fig) time
scale: 100ms/div, (right fig) time scale: 20ms/div.
the peak current level 0.84 A at grid voltage vg = 50 V rms. Figure 3.15 shows
the dynamics of sudden change of grid power command from Pg = 10 W and
Qg = 0 V ars to Pg = 30 W and Qg = 0 V ars. It should be clear from Figure
3.15 that when grid power command is at Pg = 10W and Qg = 0 V ars, the grid
current (ig) peak is at 0.3A at grid voltage (vg) 50 level. However when the grid
power command is changed to Pg = 30W and Qg = 0 V ars, the grid current (ig
peak almost immediately jumped to 0.84A. This transient time to make the grid
power change over possible is taken care of by the fast dynamics of the Lyapunov
Function based controller.
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3.2.3 Experimental waveforms to show the transients asso-
ciated with plugged-in Spatial Repetitive controller
The dynamics associated with the sudden changes in grid voltages (vg) is also
studied. The experimental results associated with such a dynamic phenomena are
shown in Figure 3.16. The active and reactive power flow from the grid are kept
fixed at Pg = 10W and Qg = 0 V ars and the grid voltage is suddenly decreased
from vg = 40V rms to vg = 30V rms as shown in the zoomed transient waveform
in Figure 3.16(a). Figure 3.16(d) clarifies that, during the condition when grid
voltage (vg) is 40 V rms, the grid current (ig) has reached a peak value of 0.35 A
and in phase with the grid voltage , vg to ensure active and reactive grid power
flow of Pg = 10W and Qg = 0V ars respectively. Figure 3.16(e) depicts that when
grid voltage, vg is reduced to 30 V rms, the grid current, ig is increased to 0.47 A
peak (from 0.35 A peak) to ensure Pg = 10 W and Qg = 0 V ars. However, the
transient waveforms to show the grid voltage change over phenomena is shown in
Figures 3.16(a), (b) and (c). As discussed before with the help of (3.12) that change
in grid voltage is taken care of by plugged-in SRC based disturbance estimation
block resulting in noticeable amount of transient time (about 3 sec) to reach steady
state. Whenever there is a change is the grid voltage, there is an error in current
tracking. The SRC based grid voltage estimator, usrc is re-tuned based on the new
value of dmod while looking at the current error as can be explained using (3.12).
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Figure 3.16: Experimental results of grid current ig, CCVSI current ic, load current
iL and the grid voltage vg when the grid power command is kept fixed at Pg = 10W
and Qg = 0 V ars and grid voltage vg is changed from 40 V to 30 V : (a)-(b) time
scale: 50ms/div, (c) time scale: 500ms/div, (d)-(e) time scale: 5ms/div.
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3.3 Summary
A new current control strategy for the parallel connected inverter connected to
micro-grid is proposed. The current reference calculator uses the ‘p-q’ theory in
place of the conventional one step ahead integrator block [127] making the reference
current estimation faster. The proposed Lyapunov function based non-linear con-
troller provides superior performance over conventional controllers such as rotating
frame PI controller. The control law is implemented in digital domain over the
other established rotating frame controllers [32]. The experimental results show
that the proposed controller along with the ‘P-Q’ current calculator is capable of
controlling the active and reactive power flow from the micro-grid in a de-coupled
manner along with controlling the THD of the grid current. This power control
property facilitates the efficient usage of renewable energy in a micro-grid.
Chapter 4
Voltage regulation and active
power flow control of single-phase
series connected renewable energy
source based inverter
The traditional parallel inverters are very popular to interface renewable energy
source to the grid. The topology is quite popular in the case of both residential
as well as industrial applications. Due to unusual loading of the power system
network during peak hours in the weak grid system in developing countries like PR
of China or India and also due to unusual active power unbalance in the micro-grid,
the common AC bus voltage undergoes sag, swell or other types of problems. Even
because of the presence of the non-linear load, the common AC bus voltage also
undergoes harmonic distortion. The domesticated electronic loads when connected
to these distorted and weak grid system, the loads malfunction and some may fail
to operate. Sometime a sudden frequency drift is also visible in the grid voltage as
a result of active power unbalance in the power system network. So, the connected
power converters also need to be auto-synchronized and operate in a proper way
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to ensure same performance at the drifted grid frequency as well.
To solve all these problems, a series connected inverter topology is investi-
gated in this Chapter. The renewable energy source based inverter is connected in
series with the common AC bus and the load. The control strategy of the inverter is
designed in such a way that, the inverter operation ensures load voltage regulation
as well as utilization of the renewable energy to reduce the grid power consumption
under all sorts of grid common AC bus voltage disturbances. The control strategy
of the proposed inverter topology is analyzed in details and the feasibility study of
the proposed hardware is also carried out.
4.1 Description of the inverter configuration and
its control strategy
4.1.1 Description of the power circuit of the series inverter
The structure of the multi-bus micro-grid considered in this work is discussed in
details in Chapter 1 and [9]-[24]. The power circuit is shown in Figure 4.1 and
the inverter is connected in series with the load. The control strategy of the series
inverter is designed to mitigate the voltage related problems at the local bus of
the micro-grid mainly during islanded mode. The same inverter can also be used
in grid-connected mode to enjoy grid power consumption savings and load voltage
regulation, if the utility-grid also fluctuates (as normally happens in the utility grids
of P.R. of China or India). The inverter block typically consists of a Sine PWM
inverter followed by a high frequency transformer and a power L-C filter to eliminate
the high frequency PWM signal. The high-frequency transformer is used after the
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PWM inverter to boost the inverter voltage and to provide electrical isolation
between renewable energy source side and the micro-grid side. However to validate
the series inverter operation in laboratory environment both the requirements are
optional. So, for the present scope of the report, transformer is not used to avoid
the complexity in the inverter power circuit.
Figure 4.1: Schematic diagram of the series inverter assembly.
4.1.2 Control strategy of the series inverter under common
operating conditions
For the sake of analysis of the control strategy of the inverter, it is assumed that,
the renewable energy extractor is assumed to be operating steadily. So, the DC
link voltage, Vdc is at the steady state level and the inverter output power, Pinv
is maintained at a steady-state value. Thus, the DC link (i.e. renewable energy
extractor along with PEC converter together with the battery) can be modeled
as a DC power supply. The load is assumed to be a linear R-L load. The local
bus voltage, where the targeted load and the renewable source based inverter is
connected, is defined as grid voltage, vg. The power circuit of the series inverter is
shown in Figure 4.2(a). The inverter is essentially a Sine PWM (SPWM) voltage
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Figure 4.2: (a) Simplified Power Circuit of the series inverter and (b)Proposed
control phasor diagram of the series inverter.
source inverter. The raw output voltage of the inverter contains not only funda-
mental power frequency voltage component but also the switching frequency based
harmonic voltage components. The L-C filter as shown in Figure 4.2(a), is con-
nected to filter the switching frequency components of the voltage harmonics, so
that the inverter output voltage, vinv, only contains fundamental power frequency
component. The filter resistance Rf , placed in series with the filter capacitor Cf ,
to limit the inrush current from the inverter. It can also be noted that the inverter
output is connected in series with the grid and also to the load. Both the inverter
as well as the grid act as voltage sources to supply the load. The inverter operates
to transfer renewable power to the load and the rest of the load power comes from
grid along with the voltage regulation of the load. In the proposed control strategy
in this Chapter, the inverter voltage, vinv, is added vectorially in series with the
grid voltage, vg, to form the load voltage, vL, to facilitate both the load voltage
regulation as well as the inverter output power flow control unlike the condition
proposed in [68] to regulate only the load voltage. The control phasor diagram of
the series inverter is shown in Figure 4.2(b).
Chapter 4. Description of single-phase series inverter 77
At steady state, different phasors are marked in the phasor diagram shown
in Figure 4.2(b). The power needed from the grid, Pg can be calculated as,
Pg = PL − Pinv (4.1)
where, total load power, PL = |VL|×|IL|×cos(θ), where θ is the power factor angle
of the load. The load current, |IL| = |VL||Z| (where |Z| is the impedance of the load
at line frequency) at steady state with voltage regulated at nominal rms value |VL|.
Thus, (4.1) can be rewritten in the following form:
Pg =
|VL|2
|Z| cos(θ)− Pinv (4.2)
From grid point of view, the active power, Pg drawn from grid can be written as,
Pg = |Vg| × |IL| × cos(γ)
= |Vg| × |VL||Z| cos(γ) (4.3)







It can be noted that, if the grid voltage is vg(t) = |Vg|
√
2 cos(β), where β =
(
∫
ω dt) + δ, ω is the grid frequency and by estimating the requirement of γ using
(4.4), the load voltage can be forced to be vL(t) = |VL|
√
2 cos(β + γ + θ). The grid
voltage angle β is estimated by using PLL. By this process, not only is the load
voltage regulated at nominal rms value, |VL| but a specific amount of active power
flow, Pinv can also be supplied to the load at steady state. The operation is possible
irrespective of the voltage condition in the grid. It is also possible to supply the full
maximum power of the renewable energy extractor to the load under all conditions
of the grid voltage, along with the proper regulation of the load voltage just by
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making the condition Pinv = Pmpp. It can also be observed from Figure 4.2(b)
that under any condition of the grid voltage, the grid current (which is also load
current), IL, leads the grid voltage, Vg by the angle, γ under lagging power factor
(cos(θ)) load presence.
4.1.3 Constraint on the series inverter system under com-
mon operating conditions
(4.4) depicts that for an acceptable value of power angle γ, (4.5) and (4.6) have to
be satisfied as (here extreme condition is shown where Pinv = Pmpp),







(4.6) is true at steady state when the battery is fully charged and the full Maximum
Power Point (MPP) power [36], [74], Pmpp is transferred to the load through the
inverter, i.e. Pinv = Pmpp. In this case, the renewable energy source is considered to
be solar but the analysis can be extended for any renewable energy source without
the loss of generality. Then for a specific solar insolation level, the maximum dip in
the grid voltage, i.e. the minimum rms value of grid voltage can be calculated from
(4.6). It is assumed that, the inverter, operates with SPWM. Therefore, in order to
maintain the SPWM in the linear range, there should be certain level of minimum
DC link voltage required. In the extreme condition, it is assumed that, no power
is taken from the grid, i.e. γ = 900. The phasor diagram of this condition is shown
in Figure 4.3. From Figure 4.3, the phasor equation of the inverter voltage can be
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V L −−→V g =⇒ −→V inv = [−|Vg| − |VL| sin(θ)] + j [|VL| cos(θ)] (4.7)
(4.7) gives the inverter voltage having the maximum rms magnitude. Beyond this
point, the operation of the inverter is restricted. So, the maximum rms value of
the inverter voltage is written as,
|Vinv|max =
√
|Vg|2 + 2|Vg||VL| sin(θ) + |VL|2 (4.8)
If the DC link voltage is maintained at the level Vdc, the maximum rms value of the
output voltage of the constant triangular voltage SPWM inverter [128] in linear




So, from (4.9) and (4.8) the minimum value of the DC link voltage needed for this
application can be found as,
Vdc|min =
√
2× [|Vg|2 + 2|Vg||VL| sin(θ) + |VL|2] (4.10)
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So, if the MPP power of the panel, Pmpp and the maximum dc link voltage that can
be developed, Vdc, are known, then from (4.6), the minimum possible grid voltage
dip and from (4.10), maximum possible grid voltage swell, that can be regulated by
this inverter system can be estimated. Accordingly, the inverter operating condi-
tions, like DC link voltage, maximum grid sag and swell that can be compensated,
are to be designed. Observations from (4.10) and Figure 4.2(a) lead to the comment
that, if a high-frequency step-up transformer is placed between the PWM inverter
and the L-C power filter, the DC link voltage requirements derived by (4.10) can
be reduced in proportion to the step-up turns-ratio of the transformer used. The
Figure 4.4: The general control diagram of the proposed inverter.
implementation diagram of the proposed control strategy of the series inverter is
shown in Figure 4.4. As discussed, the proposed control strategy ensures a specific
inverter active power flow, Pinv along with load voltage, vL are maintained at rated
level (in the present case it is 110 V rms). As shown in Figure 4.4, based on the
requirements of the Pinv, the power angle γ is calculated using (4.4). Then γ is
added with the grid phase angle, β (found from PLL) and load power factor angle,
θ. This gives the total reference load voltage angle, φ = γ + β + θ (as shown
in Figure 4.2(b)). Then the rated load voltage peak (Vp =
√
2|VL|) is multiplied
with cosφ and the load voltage reference, v∗L(t) is generated. This load voltage
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reference, v∗L(t) is tracked at steady state by using the proposed SRC. The design
as well as the implementation details of the SRC are discussed in Chapter 5. Con-
trol strategies of the series inverter under other operating conditions are given in
Appendix F.
4.2 Design of a typical prototype system
In the report the prototype series inverter is designed for a PV system based
residential application. The parameters of the system used are, Load resistance,
R = 150 Ω, Load inductance, L = 0.1 H, the nominal rms load voltage require-
ment, |VL| = 110V . The solar panel used for typical residential application usually
provides Maximum Power Point Power, Pmpp = 50W at 1kW/m
2 solar insolation
at 250C temperature. The system design is carried out with the inverter output
power, Pinv = 50W . This condition ensures that, battery is fully charged and the
full panel MPP power, Pmpp is transferred to the load side through Pinv.
The load impedance is |Z| = √R2 + (2pifL)2 = 153.25 Ω. So, |IL| = 110153.25 =
0.718A and the power factor angle θ = tan−1 2pifL
R
= 11.830. Minimum grid voltage
that can be regulated by this system is calculated using (4.6) and the value is
|Vg|min = 38 V , which is equivalent to 65% sag in grid voltage. It is considered to
have maximum 18% (typical value for the prototype test) swell in grid voltage, i.e.
|Vg|max = 130 V . The minimum level DC link voltage needed for this prototype
is calculated using (4.10), Vdc ≥ 264.06V . For the experiment, DC link voltage
level is set at Vdc = 270 V . Using (4.4), different values of power angle γ are
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calculated, as shown in Table 4.1, under different conditions of grid voltage and
for Pinv = 50 W as well as Pinv = 40 W . These power angle values are used in
simulation as well as in experiment. The SPWM switching frequency of the PWM
inverter is maintained at 10 kHz. So, the power L-C filter cut-off frequency is
to set less than 1 kHz. The parameters of the L-C filter used are: value of filter
inductor, Lf = 10mH, value of filter capacitor, Cf = 3.3µF , filter current limiting
resistance, Rf = 10Ω. The actual implemented cut-off frequency of the power L-C
filter is set at fcut−off = 12pi
1√
LfCf
= 876 Hz. The data calculated in Table 4.1












50 110 Normal condi-
tion at grid
69.7880
50 90 18% sag at grid 65.0220
50 130 18% swell at grid 730
40 70.7 36% sag at grid 480
is used to show the effectiveness of the series inverter in the experimental results
presented in the next Chapter.
4.3 Summary
This Chapter deals with the operating principles of the series connected renewable
energy inverter interfacing renewable energy sources with load and common AC
bus. The series inverter voltage is added in series with the common AC bus voltage
to form the load voltage. The proposed control strategy ensures regulation of the
load voltage with proper control on the active power flow ensuring the reduction
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of grid active power consumption. In this Chapter, it is explained how the load
voltage is maintained at high quality by controlling the inverter reference voltage.
The proposed control strategy ensures the proper active power control by ensuring
relative phase angle between the load voltage and the common AC bus voltage.
In the next Chapter, the Spatial Repetitive Controller is designed to ensure high
quality of load voltage under the presence of common AC bus voltage disturbances
with proper active power control from the renewable energy source.
Chapter 5
Implementation of control
strategy for the single-phase
series connected renewable energy
source based inverter
Chapter 4 discusses a control strategy of finding a relative phase between the grid
voltage and the load voltage to control the power flow of the inverter as well as
regulating the load voltages to the nominal condition even in the presence of huge
grid voltage disturbances. The present Chapter is dedicated to designing of different
non-linear high performance controllers to regulate such nice load voltage in the
presence of grid voltage disturbances. The controllers are also able to maintain the
same performance even during sudden change of the grid fundamental frequency.
The stability analysis of the controllers are provided and the controllers are designed
for the series connected inverter application. Adequate experimental results are
provided to test the feasibility of the proposed control schemes.
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5.1 Design of Spatial Repetitive Controller
5.1.1 General discussion on Spatial Repetitive Controller
Repetitive control is specially designed to remove the periodic errors at integral
fractions of sampling frequency due to the reference tracking as well as periodic
disturbance inputs. The idea of repetitive control is based on the internal model
principle [82]. The underlined concept of a typical repetitive controller is to use
the information of the preceding cycle to improve the control performance in the
present cycle and ultimately reach the desired steady state. Design methods of
fixed sampling frequency plug-in repetitive controller are discussed in [59] and [60].
Discussions in [59] and [60] depict that, the fixed sampling frequency repetitive
controllers can mainly eliminate steady state errors at multiples of fundamental
frequencies with fundamental frequency being an integral fraction of the sampling
frequency. However, in the micro-grid application, as discussed before, the funda-
mental grid frequency can vary suddenly but the same control performance (load
voltage having a specific phase relation with the grid voltage with no voltage har-
monics present) is expected. This is possible only if the sampling frequency, fs of




= N , where N is a large integer). In steady state, the discrete
complex frequency at fundamental micro-grid frequency (ff ) can be expressed as
z = ejω Ts , where ω = 2pi ff and Ts =
1
fs
. If fs is varied according to the variation
of ff with the relation
fs
ff
= N , the same complex frequency (for fundamental
micro-grid frequency) at steady state becomes z = zθ = e
j 2pi
N = ej∆θ. The
analysis explains that the effect of the dynamic change is sampling frequency can
be achieved by sampling the system at the multiples of grid fundamental space
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phase ∆θ = 2pi
N
. So, a SRC is proposed in this report. In the proposed SRC, the
control action is taken at discrete samples of fundamental grid phase θ = n 2pi
N
,
where, n = 1 , 2 , 3 , .... N .
The above analysis coveys that, the proposed SRC is basically a typical plug-
in repetitive controller where the sampling frequency changes dynamically with the
fundamental grid frequency. The dynamic behavior of the SRC is expressed with
digital dynamic complex frequency zθ = e
j s T , where T is the variable sampling
time unlike the case for fixed sampling frequency Ts, where the digital dynamic
complex frequency is expressed as z = ej s Ts . The block diagram of the closed
Figure 5.1: The block diagram of the proposed control system.
loop system sampled in grid fundamental phase domain is shown in Figure 5.1.
The block diagram of the plug-in SRC based closed-loop control system is drawn
following the guidelines presented in [61] and [62]. In Figure 5.1, Yd (zθ) is the ref-
erence signal (rated load voltage), Y (zθ) is the output signal (actual load voltage),
E (zθ) is the tracking error, D (zθ) is the disturbance input (micro-grid voltage
harmonics), G (zθ) is the plant transfer function (PWM inverter along with the
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L-C filter), C0 (zθ) is the feedback controller, Csrc (zθ) is the plugged in Spatial
repetitive Controller, F (zθ) is the analog filter to remove the high frequency noise
at the interface between the system output and the digital controller and Vc (zθ) is
the control signal coming out of the digital controller. The total effect of the two
controllers can be defined as C (zθ) = C0 (zθ) + Csrc (zθ).
The reference Yd (zθ) is a sinusoidal wave. The C0 (zθ) is a proportional con-
troller (Kp) and the proportional gain Kp is chosen to ensure that the characteristic
polynomial of the close-loop system, 1 + KpG (zθ)F (zθ), meets the stability con-
ditions.
Following the analysis shown in [60] and [62], the transfer function of the










where, Ksrc is positive gain of repetitive controller and N1 is the number of ad-
vancement in samples with N1 < N .
In grid phase sample domain, the same control law can be written as,
usrc(i, θk) = usrc(i− 1, θk) + Ksrc e(i− 1, θk+N1) (5.2)
Where, usrc(i, θk) is the control output of SRC at the k
th position sample in the ith
iteration cycle, e(i− 1, θk+N1) is the error of the reference and output at (k+N1)th
position sample in (i − 1)th iteration cycle, Ksrc is the positive gain of repetitive
controller and N1 (N1 < N) is the number of advancement samples given to take
care of the phase delay in the plant and feedback filter path. One cycle consists
of N samples in fundamental grid phase position. The total control action can be
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expressed as,
C (zθ) = C0 (zθ) + Csrc (zθ)
= Kp + Csrc (zθ) (5.3)
From Figure 5.1, the output Y (zθ) can be expressed by the reference Yd (zθ)
and the disturbance D (zθ) as shown in (5.4).
Y (zθ) =
C (zθ)G (zθ)
1 + C (zθ)G (zθ)F (zθ)
Yd (zθ) +
1
1 + C (zθ)G (zθ)F (zθ)
D (zθ) (5.4)
Further in the analysis, any dynamic complex quantity ‘X (zθ)’ is expressed as ‘X’.
The dynamic tracking error can be derived as using (5.4),
E = Yd − Y
=
Yd (1 + C G F − C G) − D
1 + C G F
(5.5)
From (5.5), the characteristics polynomial of the overall repetitive control system
can be written as,
1 + C G F = 1 + C0 G F + Csrc G F




1 + C0 G F
]
= [1 + C0 G F ] [1 + Csrc Ccl] (5.6)
where, Ccl =
G F
1 + C0 G F
is the transfer function from D to Y without the SRC.
The observation from (5.6) is that the stability of the overall repetitive control
system requires that the roots of the polynomial 1 + C0 G F = 0 are inside the
unit circle with additional condition [62] as,
|1 + Csrc Ccl| 6= 0 (5.7)
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The requirement on the roots 1 + C0GF = 0 can be met by choosing appropriate
proportional gain C0 = Kp.
Using (5.1), (5.7) can be modified to,
|1 − z−Nθ + Ksrc z−(N−N1)θ Ccl (zθ) | 6= 0 (5.8)
(5.8) can be guaranteed by satisfying the following condition:
| z−Nθ − Ksrc z−(N−N1)θ Ccl (zθ) | < 1 (5.9)
Any harmonic frequency (ω1 in rad/sec) appearing in the micro-grid system can
be represented as ω1 = p ω, where ω is the fundamental micro-grid frequency in
rad/sec and p is an integer. Any arbitrary frequency ω1 in steady state, zθ = e
j p∆θ
and this results in zNθ = e
j p 2pi = 1 for p as integers. Using this result, (5.9) can
be modified as,
|1 − Ksrc zN1θ Ccl (zθ) | < 1 (5.10)




= Acl (p∆θ) e
j φc(p∆θ) with Acl (p∆θ) being
its magnitude and φc (p∆θ) being its phase. Using this information, (5.10) can be
further simplified as,
|1 − Ksrc Acl (p∆θ) ejα(p∆θ)| < 1 (5.11)
where, α (p∆θ) = p N1 ×∆θ + φc (p∆θ). (5.11) can be expanded as,
|1 − Ksrc Acl cosα − j Ksrc Acl sinα| < 1 (5.12)
Squaring both sides of (5.12), the equivalent form is found as,
K2src A
2
cl < 2Ksrc Acl cosα (5.13)
Since the gain of the controller Ksrc > 0 and the system gain Acl > 0, (5.13)
yields:
Ksrc Acl < 2 cosα (5.14)
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Stability of the overall close-loop system can be guaranteed for the entire range of





where ‘min [cosα]’ depicts the minimum value of cosα considering all the fre-
quencies of interest and similarly ‘max [Acl]’ depicts the maximum value of Acl
considering all the frequencies of interest. Since both Ksrc and Acl are positive,
(5.14) implies the condition shown in (5.16).
cosα > 0 (5.16)
The range of phase-angle α is,
|α| = |p N1 2 pi
N
+ φc| < pi
2
(5.17)
Theoretically speaking, (5.15) and (5.17) need to be satisfied throughout the infinite
frequency range to make the control system stable. However Figure 5.1 shows that,
F is an anti-alias filter placed to filter high frequencies in the feedback process. So,
effectively, (5.15) and (5.17) are designed here to satisfy upto the cutoff frequency
of the low-pass anti alias filter F only. Frequencies beyond the cut-off frequency of
the anti-alias filter are neglected in the present case of design of SRC.
(5.17) provides the constraint on the choice of sample advancement parameter
N1 of the SRC for the stability point of view of the overall control system. But
in this case, there is a phase delay associated with the plant and the anti-alias
filter which provides the delay in effecting the repetitive controller on the error
correction. This point is well explained in Figure 5.2. Figure 5.1 shows that, the
output of the SRC, Usrc acts to converge the error, E to zero. If the SRC is opened
and it is tried to find the phase delay associated with this control action activation,
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Figure 5.2: The block diagram showing the phase delay provided by plant and
anti-alias filter signal transmission.
the phase delay path looks like the picture shown in Figure 5.2. If Figure 5.2 is




= − G (zθ) F (zθ)
1 + C0 (zθ) G (zθ) F (zθ)
= −Ccl (zθ) (5.18)
At steady state (zθ = e





= Acl (p∆θ) e
j(pi +φc(p∆θ)) (5.19)
Both (5.19) and Figure 5.2 show that, SRC output, Usrc acts on the error E with
a phase lead of φc. It is shown later that, for normal power electronic systems, φc
is a negative quantity which leads to a phase delay of SRC action.
(5.1) indicates that, the phase lead provided by the SRC is φl (due to phase
lead provided by the term zN1θ = e
j p N1 ∆θ = ej p N1
2pi
N at steady state, in the
numerator of Csrc(zθ)). The phase lead by the repetitive controller is expressed as,
Chapter 5. Control of single-phase series inverter 92




The phase lead of repetitive controller φl is designed to nullify the signal transmis-
sion delay due to plant and analog filter φc to enhance the tracking performance
as,
α = φl + φc (p∆θ) > 0
⇒ α = p N1 2 pi
N
+ φc > 0 (5.21)
(5.17) and (5.21) together decide the value of phase sample advancement parameter




max [Acl] + δ
(5.22)




) Yd(zθ) (1 + C(zθ)G(zθ) F (zθ) − C(zθ)G(zθ)) − D(zθ)
(1 + C0(zθ)G(zθ) F (zθ))
(
1 − z−Nθ + Ksrc z−(N−N1)θ Ccl (zθ)
)
(5.23)
As explained before, at steady state zNθ = e
j p 2pi = 1 at integral values of p, so from
(5.23) at steady state the error is derived to be zero at the multiple frequencies of
the fundamental grid frequency of micro-grid, i.e.
E(ej p∆θ) = 0 (5.24)
Hence, (5.24) concludes that at steady state, the tracking error is zero at integral
multiples frequencies of the fundamental frequency of the micro-grid. The same
property is also observed to exist if the fundamental grid frequency ω = 2 pi ff
varies as well. In this case, the eligible values of p can be derived from the fact
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Figure 5.3: Simplified sub-circuit investi-
gating the effect of inverter on load volt-
age.
Figure 5.4: Simplified sub-circuit inves-
tigating the effect of micro-grid on load
voltage.




, where, ωs = 2 pi
1
T
is the effective sampling frequency in rad/sec.
Comparing this analysis with the earlier discussion, the derivation says that pmax =
N
2
. Hence, the proposed SRC is able to remove the steady state error at multiples
of fundamental micro-grid frequencies with multiplying factor p = 1 , 2 , ....., N
2
with the advantage that the fundamental grid frequency itself can vary as expected
the actual micro-grid operation.
5.1.2 Position domain modeling of the inverter L-C filter
assembly with load and micro-grid interconnection
The power circuit configuration of the series connected inverter is shown in Figure
4.2. For designing the controller, the power circuit is further simplified and used for
reference as shown in Figures 5.3 and 5.4. Neglecting the high frequency switching
terms of SPWM and considering only the fundamental component of the output,
the inverter output voltage can be expressed as vi = Vdc× vc [128], where, vc is the
control voltage of the SPWM and Vdc is the DC link voltage of the inverter. Now,
superposition principle is applied to find out the effect of control input (control
signal, vc) and disturbance input (micro-grid voltage, vg) on the load voltage, vL
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separately. Considering the absence of the grid voltage, the circuit can be redrawn
as shown in Figure 5.3. Considering the voltage and current across each component
(filter inductance Lf , filter capacitor Cf and load resistance R) in Figure 5.3, the
equations can be written as:
vi − vL = Lf dii
dt




vL = iL × R
vi = Vdc × vc (5.25)
Putting all the equations shown in (5.25) together, the resultant dynamic behavior
can be put as,











Now, the control system is implemented in position domain. As (5.26) is in time
domain, the equivalent discrete form of the plant equation sampled in phase posi-
tion domain is derived. The time derivative of any variable, x, can be represented











= ω, electrical angular fundamental frequency (in rad/sec) of the micro-grid
and dx = x(θk+1)− x(θk), where x(θk) is the variable x at kth sample position, θk.
Additionally, dθ = ∆θ = θk+1 − θk is the step size of position sampling. So, first









× ω = m [x(θk+1)− x(θk)]
d2x
dt2
= m2 [x(θk+2)− 2x(θk+1) + x(θk)] (5.28)
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Using (5.28), (5.26) can be rewritten in position sampled domain as,












Rearranging all the terms in (5.29),the circuit equation in position domain can be
rewritten as,















Considering the absence of the inverter voltage, the circuit can be redrawn as shown
in Figure 5.4. The voltage equation then would be;
vL = vg (5.31)
Using (5.30) and (5.31), in discrete position sample domain, the inverter charac-
teristics can be written as (using super-position principle),
VL(zθ) =
c
z2θ + a zθ + b
Vc(zθ) + Vg(zθ) (5.32)
Using (5.32) and Figure 5.1, where Y (zθ) = VL(zθ), D(zθ) = Vg(zθ), the plant
transfer function can be written as:
G(zθ) =
c
z2θ + a zθ + b
(5.33)
5.1.3 Position domain modeling of the anti-alias filter
The anti-alias filter is depicted as F (zθ) in Figure 5.1. The anti-alias filter is put
to filter higher order harmonic frequencies from entering into the digital controller
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interface. This anti-alias filter is essentially an analog 2nd order Butterworth filter
implemented with digital discrete circuit components. Let the input and output of
this anti-alias filter be uf (t) and yf (t) in time domain. The differential equation






+ bf yf = bf uf (5.34)
where, bf = (2 pi fc)
2 and af =
2 pi fc
Q
with fc = Cut−off frequency of filter inHz
and Q = designed quality factor of the filter. Using (5.28) in (5.34) to get the















m2 − af m+ bf
m2
. The anti-alias filter is





5.1.4 Design of the Spatial Repetitive Controller for the
series inverter
The design of the SRC is dependent on the actual parameters of the series inverter
configuration as well as the control considerations as mentioned before. The ac-
tual parameters of the series inverter are discussed in the Chapter 4 before. In
the experimental implementation of the controller, the plant output voltage is fed




to Figure 5.1). The anti-alias filter output is fed to the ADC (Analog to Digital
Converter) of the DSP to enable the control computation. Due to this ADC con-
version, another equivalent gain, kADC ,
1
10
is inserted in the feedback path. The
total gain (including voltage sensor as well as the ADC gain) is lumped into the
plant transfer function as an additional gain of ks = kv × kADC = 11000 for the
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calculation of parameters of the SRC as discussed in the later part of this Section.
The details of the implementation is shown in Figure 5.5. It can be observed that
the proposed control system is implemented inside DS1104 DSP card. In the design
Figure 5.5: Schematics of the digital implementation of the SRC.
of the controller, the fundamental grid phase span (2pi) is divided into 200 position
samples, i.e. the N = 200 is taken. The cut-off frequency of the anti-alias filter is
set at 400Hz. So, the characteristics of the plant, filter as well as SRC are studied
up to frequency f = 400 Hz and the parameters of the SRC (Ksrc and N1) are
obtained. In the present scope of the report, it is considered that the micro-grid
voltage can be contaminated with substantial 3rd and 5th harmonics. The control
system is designed for fundamental micro-grid frequency variation from ff = 40Hz
to ff = 60Hz. It should be mentioned that the micro-grid frequency consideration
is taken into account due to the selection of the anti-alias filter but not due to the
controller selection. The Ksrc and N1 are designed by considering the effective fre-
quency range of 0 − 300Hz (5×60 = 300) with fundamental micro-grid frequency
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Figure 5.6: The amplitude plot (Acl) and
phase plot (φc) with different frequency
(f) for Ccl(zθ) with fundamental micro-
grid frequency ff = 50Hz.
Figure 5.7: Plot of phase angle, α for dif-
ferent frequencies, f under different phase
angle compensating term, N1 of the SRC
with fundamental micro-grid frequency
ff = 50Hz.
kept at typically three different frequencies, ff = 50Hz, ff = 60Hz and ff = 40Hz.
The gain as well as phase plot of Ccl for different frequencies under micro-
grid fundamental frequencies ff = 50 Hz, ff = 60 Hz and ff = 40 Hz are
shown in Figures 5.6, 5.8 and 5.10 respectively. In Figures 5.6, 5.8 and 5.10 that,
the frequency is plotted in linear scale as well as the amplitude plot is given in
absolute value. In this case, for a specific N1, the maximum gain of the spatial
repetitive controller, Ksrc = Ksrcmax can be found out from (5.22). The parameter
uncertainty of the system, δ is taken as 10% of the estimated value. The angle, α
(as mentioned in (5.17) and (5.21)) is plotted with different frequencies for three
typical extreme values of N1 and the corresponding values of Ksrcmax are also
calculated and shown in Figures 5.7, 5.9 and 5.11 for fundamental grid frequency,
ff = 50Hz, ff = 60Hz and ff = 40Hz respectively. Figures 5.7, 5.9 and 5.11
show that, for both N1 = 0 and N1 = 10, angle α is satisfying (5.17) leading
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Figure 5.8: The amplitude plot (Acl) and
phase plot (φc) with different frequency
(f) for Ccl(zθ) with fundamental micro-
grid frequency ff = 60Hz.
Figure 5.9: Plot of phase angle, α for dif-
ferent frequencies, f under different phase
angle compensating term, N1 of the SRC
with fundamental micro-grid frequency
ff = 60Hz.
Figure 5.10: The amplitude plot (Acl)
and phase plot (φc) with different fre-
quency (f) for Ccl(zθ) with fundamental
micro-grid frequency ff = 40Hz.
Figure 5.11: Plot of phase angle, α for dif-
ferent frequencies, f under different phase
angle compensating term, N1 of the SRC
with fundamental micro-grid frequency
ff = 40Hz.
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to a stable closed loop system for the frequency range of interest. Figures 5.7, 5.9
and 5.11 also depict that, for N1 = 20, angle α > 90
0 for f > 100 Hz under
all three fundamental grid frequencies, violating (5.17), which leads to an unstable
close loop system. On the other hand, it can also be observed from Figures 5.7,
5.9 and 5.11 that, for N1 = 0, angle α < 0
0, violating (5.21). Considering all
these issues, for the SRC, the selected value is taken as N1 = 10. Now, observing
all the cases of N1 = 10 with different grid fundamental frequencies, the gain of
the controller is selected as Ksrc = 1. These settings of the controller are used for
simulations as well as experimental studies of the proposed series inverter system.
5.2 Experimental Results of the proposed series
inverter system with Spatial Repetitive Con-
troller operation
In order to verify the feasibility of the proposed scheme, experiments are carried out
under normal grid condition, grid sag condition as well as grid swell condition. The
control system as shown in Figure 5.5, is implemented inside a dSPACE platform
(DS1104) with Matlab/Simulink Real Time Interface (RTI) toolbox. The inverter
sine pwm switching frequency as well as the control system sampling frequency are
kept at 10 kHz.
In the control program, a single-phase PLL is used to sense the absolute phase
(angle β as shown in Figure 4.4) of the fundamental component of the micro-grid
voltage and corresponding phase leads are given to the load voltage reference to
facilitate the proper active power flow through the series inverter along with load
voltage regulation.
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The steady state experimental results are shown in Figures 5.12, 5.13 and
5.14.
Figure 5.12: Experimental results at normal grid condition, of grid voltage vg,
load voltage vL, load current iL and inverter voltage vi with P + SRC controller
working.
Figure 5.12 shows the steady state experimental waveform of inverter voltage
(vi), load current (iL), load voltage (vL) and grid voltage (vg) under the normal
condition of the grid voltage. It can be observed that the load voltage is maintained
at its nominal value (110 V) and to ensure the required power flow through the
inverter, the load current, iL is forced to be leading from grid voltage, vg by the
required amount of angle (γ = 67.50) as calculated in Table 4.1.
Figure 5.13 shows the steady state experimental waveform of inverter voltage
(vi), load current (iL), load voltage (vL) and grid voltage (vg) under the under 18%
sag in the grid voltage. It can be observed that the load voltage can be maintained
at its nominal value (110 V) and to ensure the required power flow through the
inverter, the load current, iL is forced to be leading from grid voltage, vg by the
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Figure 5.13: Experimental results under
18% grid voltage sag condition, of grid
voltage vg, load voltage vL, load current
iL and inverter voltage vi with P + SRC
controller working.
Figure 5.14: Experimental results under
18% grid voltage swell condition, of grid
voltage vg, load voltage vL, load current
iL and inverter voltage vi with P + SRC
controller working.
required amount of angle (γ = 630) as calculated in Table 4.1.
Figure 5.14 shows the steady state experimental waveform of inverter voltage
(vi), load current (iL), load voltage (vL) and grid voltage (vg) under the under
18% swell in the grid voltage. It can be observed that the load voltage can be
maintained at its nominal value (110 V) and to ensure the required power flow
through the inverter, the load current, iL is forced to be leading from grid voltage,
vg by the required amount of angle (γ = 72
0) as calculated in Table 4.1.
The following remarks can be drawn from the steady state experimental wave-
forms:
• Under all the conditions of the grid (normal condition, grid voltage sag as
well as grid voltage swell condition), the load voltage (VL) is maintained at
nominal level 110 V .
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• If the experimental phase angle between load voltage VL and load current IL
(power factor angle θ) as well as phase angle between load current IL and grid
voltage Vg (power angle γ) are concerned, the control system can be remarked
to be successful in maintaining the corresponding power angle requirements
(γ) for different conditions of grid ( as the power angle requirement given
in Table 1). The slight mismatch between the theoretical and experimental
values can be justified by considering the experimental restrictions. As men-
tioned before, in the control desk, the load voltage reference, V ∗L is given with
magnitude reference 110V and phase angle reference as γ+θ. As can be seen
from the experimental results, the actual power factor angle (at ff = 50Hz,
the calculated value of power factor angle is θth = 11.83
0 and the experi-
mental value of power factor angle is θex = 18
0) is slightly different from the
theoretical value due to slight uncertainty of load parameters as well as grid
frequency. Moreover the experimental power factor is slightly more that the
theoretical value, so in all the conditions of grid, the experimental value of
power angle γ is slightly less than the corresponding theoretical value.
• If the power provided by the inverter is calculated as Pinv = |VL||IL| cos(θ)−
|Vg||IL| cos(γ) and all the experimental values are used to find out the result
of the expression, it can be seen that Pinv = 45.74 W , 45.08 W , 46.28 W
respectively for normal grid condition, grid voltage sag condition and grid
voltage swell condition respectively. The inverter power is slightly lower than
the reference power 50W because of the slightly lower value of power angle, γ
(power angle lower causes more power drawn from grid and less power drawn
from the inverter). In spite of this mismatch, the phase shifting of VL with
respect to Vg (as explained in Figure 4.2(b)) can be remarked to be successful.
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• It can also be noted that, under all the conditions of grid, the power angle,
γ is a leading angle. This is forced to create leading power factor operation
from grid side even at lagging power factor load.
To test the performance of the SRC over harmonic rejection a set of experiments
are carried out and the experimental results are shown in Figures 5.15-5.20. During
these experiments it is considered that, the grid has a 36% dip in the fundamental
grid voltage and also the grid is contaminated with 50% third harmonic voltage as
well as 30% fifth harmonic voltages. It is considered in these cases that the inverter
supplies 40 W active power (pinv = 40 W ) to load and rest of the load power is
shared by the grid. So, the power angle, γ (using (4.4))is found to be γ = 480
(shown in Table 4.1) and the load voltage, vL leads fundamental grid voltage, vgf
by angle γ + θ = 600. So, the load voltage is forced to lead the fundamental grid
voltage by 600 by using SRC.
Figure 5.15 shows the steady state experimental waveform of load voltage,
vL and the grid voltage, vg with Proportional controller application. Due to lack
of tracking and harmonic rejection capability, the load voltage becomes extremely
distorted as well as in erroneous phase relation with grid voltage as shown in the
experimental waveform in this condition.
Figure 5.16 shows that, when the SRC is plugged in , the load voltage, vL
becomes at rated value (110 V ) , maintains 600 phase lead with the fundamental
grid voltage, vgf and the voltage harmonics (50% third harmonics as well as 30%
fifth harmonics) are not present in load voltage, vL. The inverter voltage, vi is
adjusted automatically by the controller in such a way that, inverter voltage gen-
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Figure 5.15: Experimental results under
36% grid voltage sag condition with 50%
contamination of 3rd harmonics and 30%
contamination of 5th harmonics at grid
frequency ff = 50 Hz, of grid voltage
vg, load voltage vL with Proportional con-
troller working.
Figure 5.16: Experimental results under
36% grid voltage sag condition with 50%
contamination of 3rd harmonics and 30%
contamination of 5th harmonics at grid
frequency ff = 50 Hz, of grid voltage
vg, load voltage vL, load current iL and
inverter voltage vi with P + SRC con-
troller working.
Figure 5.17: Experimental results conver-
gence of load voltage error, (v∗L−vL) with
P + SRC controller working.
Figure 5.18: Experimental results conver-
gence of load voltage error, (v∗L−vL) with
P + SRC controller working.
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Figure 5.19: Experimental results under
36% grid voltage sag condition with 50%
contamination of 3rd harmonics and 30%
contamination of 5th harmonics at grid
frequency ff = 55 Hz, of grid voltage
vg, load voltage vL, load current iL and
inverter voltage vi with P + SRC con-
troller working.
Figure 5.20: Experimental results under
36% grid voltage sag condition with 50%
contamination of 3rd harmonics and 30%
contamination of 5th harmonics at grid
frequency ff = 45 Hz, of grid voltage
vg, load voltage vL, load current iL and
inverter voltage vi with P + SRC con-
troller working.
erates harmonic voltages to counter these grid voltage harmonics as can be seen in
Figure 5.16. The transient performance of the SRC to converge the voltage error,
(v∗L− vL), is shown in Figures 5.17 and 5.18 (two waveforms are given with different
voltage and time scale). Figures 5.17 and 5.18 show that the load voltage error is
high when only Proportional controller is working and when the SRC is plugged
in, the load voltage error gradually converges to zero. Thus it can be concluded
that, it is possible to maintain rated quality load voltage in the presence of grid
disturbances as well as grid distortions with proper inverter power control.
To test the auto-synchronization with the grid frequency property, the grid
frequency is suddenly changed to fg = 55Hz and fg = 45Hz and the experimental
steady state waveforms are shown in Figures 5.19 and 5.20 respectively. In both
the cases, the load voltage, vL is seen to maintain the same 60
0 phase lead relation
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Figure 5.21: Experimental results of load voltage vL and grid voltage vg under
36% grid voltage sag condition with 50% contamination of 3rd harmonics and 30%
contamination of 5th harmonics and sudden change of grid voltage from ff = 50Hz
to ff = 45Hz,with P + SRC controller working.
with the grid voltage, vg at steady state and the load voltage is not contaminated
with grid voltage harmonics and maintained at rated value. The transient effect of
grid frequency change on load voltage is shown in Figure 5.21. The effect of this
dynamics associated with the PLL can be seen in experimental waveform Figure
5.21. Figure 5.21 shows that, when there is a sudden change of grid frequency from
ff = 50Hz to ff = 45Hz, there is slight increase in magnitude in load voltage and
after that, the load voltage again goes back to the rated magnitude. The reason
of dynamic increase in load voltage can be explained by the fact that, during the
time when PLL is undergoing dynamics, the inverter voltage is tuned at 50Hz and
the grid voltage is tuned at 45Hz, leading to a power oscillation between inverter
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and grid. But, the dynamic phase is small enough (almost undistinguishable from
Figure 5.21) to destroy the power system stability.
A Lyapunov function based voltage controller is also investigated to overcome
the slow dynamic operation of the SRC. The tracking performance of the Lyapunov
function based controller is found to be satisfactory, however to reject the grid volt-
age disturbances, a huge gain is needed for the Lyapunov function based controller.
This constraint still votes for the SRC application for this case. The details of the
Lyapunov function based controller is provided in Appendix G.
5.3 Summary
A new control strategy for a single phase series connected inverter to interconnect
AC loads with the micro-grid is proposed in Chapter 4. The control strategy is
designed to stabilize the load voltage irrespective of the grid voltage magnitude as
well as transfers a specific amount of renewable source based power to the load.
Besides, the inverter is forced to operate in such a way that, grid always sees a
leading power factor load even at the presence of lagging power factor load. A
non-linear SRC is proposed in this Chapter which tracks as well as eliminates the
harmonics in the load voltage facilitating the control strategy. The controller is
implemented based on position domain of the fundamental micro-grid phase angle.
A position domain modeling of inverter and L-C filter assembly with load and grid
interconnection is also presented to facilitate the design procedure of the proposed
SRC. The inverter along with the control strategy is effective in stabilizing the
load voltage in the interconnection of renewable energy source as well as micro-
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grid. Micro-grid voltage magnitude may vary around nominal value as well as
the grid voltage may have been contaminated with harmonics. Additionally, the
frequency of the micro grid voltage can also vary with time, but the load voltage
is always synchronized with the fundamental phase of the grid. The proposed
controller is implemented in grid phase domain, which facilitates the requirement
of auto synchronization issue of maintaining undistorted nominal load voltage, with
the grid voltage. The experimental test results presented validate that proposed
concept of the controller.
Chapter 6
Analysis and control of a
three-phase renewable energy
source based inverter connected
to a generalized micro-grid system
This Chapter deals with the analysis and modeling of a three phase renewable en-
ergy source based inverter interconnecting with three phase generalized micro-grid
system. A detailed analysis is provided for the inverter modeling to take care of the
unbalance in the line side inductors as well as unbalance and harmonic contamina-
tion in the common AC thee-phase bus inside the micro-grid. The modeling is done
in the state-space domain to derive a dedicated control law to control the inverter
current with arbitrary reference shape to ensure proper active and reactive power
to the point of common coupling (PCC) in the micro-grid. A Lypunov function
based current controller is proposed in this Chapter for a three-phase inverter along
with its all types of unbalance. The current controller is implemented directly in
the a-b-c frame unlike the conventional current controller.
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6.1 General description of the renewable energy
source based inverter: interface between micro-
grid and utility grid
6.1.1 Description of the inverter interaction with the micro-
grid
Figure 6.1 shows the configuration of the three-phase multi-bus micro-grid con-
sidered in this Chapter. The details of this micro-grid structure can be found in
[24]-[27] and Chapter 1. The three-phase micro-grid is connected to the mains util-
ity grid at the point of common coupling (PCC) using a circuit breaker as shown
in Figure 6.1. It can also be noticed that the targeted renewable energy source
Figure 6.1: Typical configuration of a renewable energy fed three-phase micro-grid.
based inverter is connected at the three-phase local bus directly using a set of line
side inductors (choke coil). At the same local bus point, a three-phase non-linear
load is also connected. The non-linear load draws non-sinusoidal current from the
local bus. As discussed in Chapter 2 and 4, the power electronic converter (PEC)
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extracts power from the renewable energy sources (may be solar, wind or fuel cell
based energy harvester) at Maximum Power Point (MPP) operation (extracting
Pmpp from the renewable energy sources). The details of the MPPT circuit in the
case of PV system is explained in Figure B.1 in Appendix B. The output of the
PEC is connected to an energy storage device such as battery, which is connected
to the inverter DC link. The voltage source inverter (VSI) operates in CCVSI mode
to have flexible power flow control through the inverter.
6.1.2 Control methodology of the inverter current
In this work, the three-phase local bus voltage is referred to as grid voltage vga,
vgb and vgc with respect to the utility grid neutral, N . It can be understood
from Figure 6.1 that the PEC converter extracts maximum power, Pmpp from the
renewable energy source. The load draws average active power, PL and average
reactive power, QL from the grid (i.e complex load power, SL = PL + j QL).
The total load active power is shared by the grid average active power, Pg and the
average active power provided by the inverter, Pinv. The inverter active power flow
is controlled in such a way that when the DC link battery is not fully charged,
certain amount of active power Pbat = Pmpp − Pinv is pumped into the battery
and when the battery is fully charged, the full harvested power, Pmpp is fed to
the grid by the inverter. So, it can be understood that based on the amount of
the harvested renewable energy, there can be savings on the power consumption
from the grid by the load. The CCVSI is controlled in such a way that the three-
phase inverter currents (iCa, iCb and iCc) follow their corresponding references to
ensure a specific grid power consumption along with maintaining the grid currents
(iga, igb and igc) to be sinusoidal and drawing zero average reactive power from
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the grid. The CCVSI current references are calculated using p-q theory based
approach to ensure minimum low frequency DC link voltage ripple to reduce the
size of the electrolytic capacitor at the inverter DC link. The details of different
current reference estimation methods are analyzed in details in Chapter 7. The
present Chapter focuses on the current control methodology of the CCVSI.
6.2 State-space modeling of the three-phase un-
balanced grid connected inverter in the a-b-c
frame
Assuming that the PEC converter is extracting maximum power from the renew-
able energy source and the storage element battery is operating properly, the in-
verter dc link can be modeled as a DC power source. The full inverter assembly can
be redrawn as shown in Figure 6.2. It can be noted that the DC link mid-point O
Figure 6.2: Simplified power circuit of the three-phase grid connected renewable
energy inverter.
is electrically isolated from three-phase grid neutral N. The line side inductors as
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well as the grid can have unbalance and harmonics together. The three-phase line
side inductances are characterized with inductance and resistance, (La, Ra), (Lb,
Rb) and (Lc, Rc). The parameters of the line side inductances do not necessarily













+ Rc iCc = vic − vgc (6.1)
where, via, vib and vic are the respective inverter phase voltages with respect to
the grid neutral, N and vga, vgb and vgc are the respective grid phase voltages with
respect to the grid neutral, N. As grid neutral N is isolated from the DC link mid
point O, the three-phase currents are related as:
iCa + iCb + iCc = 0 (6.2)
Subtracting phase-c equation from phase-a and phase-b equations from (6.1), fol-
lowing equations including line quantities are derived:




+ RaiCa − RciCc




+ RbiCb − RciCc (6.3)
where, vimn and vgmn are the respective inverter and grid line voltages between
phases m and n respectively with m,n ∈ a, b, c.
Rewriting (6.3) with (6.2) by using iCc = − (iCa + iCb), it is found that:





+ (Ra +Rc) iCa +RciCb





+ (Rb +Rc) iCb +RciCa (6.4)
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, the following equations are found:
dx1
dt
= a11x1 + a12x2 + b11viac + b12vibc + d1
dx2
dt
= a21x1 + a22x2 + b21viac + b22vibc + d2 (6.5)
where, a11 = −RaLb +RcLb +RaLcLaLb + LbLc + LcLa , a12 = −
RcLb −RbLc
LaLb + LbLc + LcLa
, a22 = −RbLa +RcLa +RbLcLaLb + LbLc + LcLa ,
a21 =
RcLa −RaLc
LaLb + LbLc + LcLa
, b11 =
Lb + Lc
LaLb + LbLc + LcLa
, b12 = − LcLaLb + LbLc + LcLa ,
b21 = − LcLaLb + LbLc + LcLa , b22 = La + LcLaLb + LbLc + LcLa , d1 = −
(Lb +Lc)vgac −Lcvgbc
LaLb + LbLc + LcLa
,
d2 = −−Lcvgac + (La + Lc)vgbcLaLb + LbLc + LcLa .
(6.5) can be further modified to (6.6) as:
dx1
dt
= a11x1 + a12x2 + u1 + d1
dx2
dt
= a21x1 + a22x2 + u2 + d2 (6.6)
The control inputs u1 and u2 can be expressed in terms of line voltages viac and
vibc are shown as:
[ u1u2 ] = [ b11 b12b21 b22 ] [ viacvibc ]
⇒ [ viacvibc ] = [ b11 b12b21 b22 ]−1 [ u1u2 ] (6.7)
where d1 and d2 can be regarded as the disturbance inputs to the state equations
shown in (6.6). In practical cases, the disturbance terms d1 and d2 in (6.6) consist
of not only grid voltage disturbances (which is predictable by (6.5) and (6.6) but
unpredictable non-linear periodic disturbances such as voltage drops due to inverter
blanking time etc, as explained in details in Chapter 3.
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6.3 Design of Non-Linear Control Law based on
Lyapunov Function
6.3.1 Determining the Lyapunov function based control law
to ensure current control
It can be seen from (6.6), that the three-phase grid connected inverter consists of
two states, x1 and x2. So, for arbitrary waveform tracking in these two states, a
non-linear control law is derived based on the Lyapunov function method, i.e. the
first principle of absolute stability.





where error array e is represented as:
e =
[ e1e2 ] = [ x∗1 − x1x∗2 − x2 ] (6.9)
where, x∗1 and x
∗
2 are the tracking references of x1 and x2 respectively.
According to the property of Lyapunov function, V > 0 for all the conditions
except e = 0 in this case. Thus, the selected V can be mentioned to be a positive
definite function. It is required to find out control inputs u1(t) and u2(t) such
that tracking error matrix e(t) asymptotically converges to zero. Lyapunov direct
method is used to find the control inputs u1(t) and u2(t) for the specific application.
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− a11x1 − a12x2 − u1 − d1
dx∗2
dt
− a21x1 − a22x2 − u2 − d2
]
(6.11)
From Lyapunov function method of finding the stability, the first derivative should
be a negative definite function as:
dV
dt






with λ1 and λ2 are to be a positive quantity.









− a21x1 − a22x2 + λ2e2 − d2 (6.13)
6.3.2 Estimation of the disturbance terms d1 and d2 to fa-
cilitate successful current tracking
As explained in details in Chapter 3 that, using voltage sensors, it is impossible
to accurately estimate the disturbance terms in d1 and d2 because of the delays
associated in the voltage sensors (specifically in the presence of harmonics in grid
voltages) and also the unpredictable nature of the disturbances due to different non-
linear phenomena in the inverter. If the estimates of the disturbance terms, d̂1 and
d̂2 are different from its actual values, the control signals are affected accordingly.
Using the improper values of disturbance terms, if the control laws in (6.13) are
modified and plugged-in (6.11), (6.12) are modified as:
dV
dt
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Thus, the tracking error matrix, e converges to a value e =
[ e1be2b ] with dVdt = 0








Hence, to ensure perfect current tracking, the two disturbance terms are estimated
by the SRC based on the residual current errors as also done in Chapter 2. Following

















− a11x1 − a12x2 + λ1e1
dx∗2
dt
− a21x1 − a22x2 + λ2e2
]
(6.17)





[ −d1−d2 ] (6.18)
For a typical micro-grid application, the grid voltage as well as inverter unpre-
dictable non-linearities do not change very frequently, so the slow dynamics of
SRC control laws are dominated by the fast dynamics of Lyapunov function con-
trol laws in the case of sudden change in current references as also discussed in
Chapter 2. The details of the overall control system is shown in Figure 6.3.
6.3.3 Ensuring the stability of the plugged-in spatial repet-
itive controller in parallel with the Lyapunov function
based controller
The stability of the overall system can be judged, by substituting (6.16) in (6.6)














2 − x2) + d2 + usrc2
]
(6.19)
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Figure 6.3: Schematics of overall control system.








































as the periodic disturbances with the period of the fundamental grid frequency
seen by the repetitive controllers SRC1 and SRC2 respectively. So, each of the






, engaging the design technique proposed in Chapter 2. The
design method of plugged-in SRC is not further exaggerated in this Chapter.
6.3.4 Effect of parameter uncertainty on the error conver-
gence
If (6.13) are observed carefully, it is seen that the parameters of the control laws,
a11, a12, a21 and a22 are dependent on the actual values of the resistances and
inductances of the line side inductors in the system. However, the resistances and
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inductances of the line side inductors cannot be estimated accurately. If the esti-
mated values (different from the actual values) of the system parameters are men-









− â21x1 − â22x2 + λ2e2 − d2 (6.21)
Plugging in (6.21) in (6.11), the resulting equations can be written as:
dV
dt
= −eT Γ e + eT
[
[(â11 − a11)x1 + (â12 − a12)x2]





(−λ1e21 + e1D1(.)) + (−λ2e22 + e2D2(.)) (6.22)
where, D1(.) = [(â11 − a11)x1 + (â12 − a12)x2] andD2(.) = [(â21 − a21)x1 + (â22 − a22)x2]
The conclusion can be drawn from (6.22) that, to make dV
dt
negative definite,
the condition can be expressed as:
|λ1 e21| > |e1 D1(.)|
|λ2 e22| > |e2 D2(.)| (6.23)








Both the errors, e1 and e2 converge to the error bound eb, which is selected to
be sufficiently close to 0. Satisfying (6.24) ensure the robustness of the proposed
Lyapunov function based controller to the parameter uncertainty of the overall
system.
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6.4 Implementation of the Lyapunov function based
controller
6.4.1 Implementation of the proposed control system using
the four-switch (b-4) inverter power circuit
The control inputs u1 and u2 are found instantly by using (6.13) and the line voltage
references viac and vibc are calculated using (6.7) to track the reference inverter
phase currents, iCa and iCb. It can be understood that (6.13) and (6.7) provide
constraint on the inverter line voltages viac and vibc but there is no constraint on
phase voltages of the inverter with respect to the DC link mid point O (as shown
in Figure 6.2). If the phase to DC link mid-point voltages of each phase of the
inverter is called viaO, vibO and vcO for three phases respectively. The inverter line
voltages can be written in terms of inverter phase voltages as shown:
viac = viaO − vicO
vibc = vibO − vicO (6.25)
As there is no constraint on the inverter phase voltages, so the phase voltages of
the inverter with respect to the DC link mid-point, O can be made as:
viaO = viac
vibO = vibc
vicO = 0 (6.26)
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If the inverter is operating in Sine PWM, the control signals for the upper switches







vconc = 0 (6.27)
The switching signals of the lower switches, S2, S4 and S6 are found as:
S4 = S1
S6 = S3
S5 = S2 (6.28)
It can be noted as the requirement of pole voltages of the inverter is such that
vicO = 0, so phase C terminal can be directly connected to the DC link mid
point O as shown in Figure 6.4. This power circuit configuration is designated as
b-4 topology in the literature [111]-[112]. Detailed experimental results as well as
different problems associated with b-4 structure are also described and the detailed
solutions by the proposed control strategy are discussed in Chapter 8.
6.4.2 Implementation of the proposed control system using
the six-switch (b-6) inverter power circuit
The proposed control structure can also be implemented using traditional b-6 three-
phase inverter power circuit. However, the implementation method is little different
from just mentioned above.
For three-phase generalized grid system, the following relation is considered:
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Figure 6.4: Modified power circuit of the three-phase grid connected inverter with
two IGBT legs
viaO + vibO + vicO = x (6.29)
where, x is a value provided so that each of the inverter phase are under the
influence of similar voltage and current stress. This is facilitated to optimize the
operation of each of the inverter legs. As mentioned before, control strategy does
not put any constraint on each individual pole voltages but only on two of the line
voltages.
Utilizing (6.29) in (6.25), the inverter phase to DC link mid point voltage


























(viac + vibc) =
1
3
(x − viac − vibc) (6.30)
In the case of Sine PWM, the control signals for the upper switches (S1, S3 and S5
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(x − viac − vibc) (6.31)
It can be remarked from (6.31), if x increases, each phase control signal value
unnecessarily goes towards overmodulation. So, for the present case of experimental
study, x = 0 is maintained.
6.4.3 Implementation of the proposed controller in digital
system
The control system shown in Figure 6.3 is implemented inside DS1104 dSPACE
controller board with sampling frequency fsample = 10 kHz. The SPWM switch-
ing frequency is taken as fs = 10 kHz. The first time derivative terms in the
control signals are replaced by its backward approximation rule. The Lyapunov
function based control (modifying (6.17)) law portion for PWM (control input) at








− a11x1(k) − a12x2(k) + λ1 [x∗1(k) − x1(k)]
x∗2(k)− x∗2(k−1)
Ts







In the experimental study, the Lyapunov function based control law is imple-
mented with the estimated average inductor parameters, L̂a = L̂b = L̂c = L =
5 mH and R̂a = R̂b = R̂c = R = 1 Ω. The design of λ1 and λ2 is done using
the ±10% uncertainty of the phase inductor parameters. It is considered that, the
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actual phase inductances are: La = 5 mH, Lb = (1 +
10
100
) La = 5.5 mH and
Lc = (1− 10100)La = 4.5mH. Similarly, the actual phase resistances are considered
as: Ra = 0.1 Ω, Rb = (1 +
10
100
)Ra = 0.11 Ω and Rc = (1− 10100)Ra = 0.09 Ω. The
actual system parameters, a11, a12, a21, a22 are calculated based on the considered
actual inductor parameters of the system and the estimated system parameters
â11, â12, â21, â22 are calculated based on the estimated inductor parameters of the
system. Thus by calculating the value of D1(.) and D2(.) (following (6.22)) using
the maximum value of both the currents (x1 and x2) to be 10 A and using (6.24)
(as also done in Chapter 2 for the single phase case), the values of λ1 and λ2 are
found as λ1 = λ2 = λ = 300000 and are used for experimental study.
Both the SRC control law portion at kth position sample, θk and at i
th itera-
tion cycle, (implemented on fundamental grid phase θ as mentioned in Chapters 2






usrc1(i− 1, θk) + Ksrc e1(i− 1, θk+N1)
usrc2(i− 1, θk) + Ksrc e2(i− 1, θk+N1)
]
(6.33)
The parameters of both the SRCs are designed based on the transfer function anal-
ysis done in (6.20) and following the analysis already given in details in Chapter
2. The design methodology is not further elaborated in this Chapter. The values
of the parameters of the SRCs are used are, the gains, Ksrc = 100 (the value is
calculated considering the convergence criterion of SRC as discussed in Chapter 2)
and the phase sample advancement, N1 = 6 (the value is calculated considering
the phase delay compensation in the control loop as discussed in Chapter 2). The
detailed control system implementation is shown in Figure 6.5. The rapid proto-
typing DSP dSPACE ds1104 card makes it possible to implement the proposed
control strategy efficiently.
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A performance comparison of the proposed Lyapunov function based current
controller with the state-of-art PI+fundamental frame multiple PR controller is
done and the comparing results are provided in Appendix H.
6.5 Experimental Results
6.5.1 Hardware details of the experimental power circuit
The proposed controller is validated by extensive testing on a developed prototype.
The overall control system is implemented in DS1104 dSPACE card. The switching
frequency of the SPWM, fs as well as the sampling frequency of the overall control
system, fsample is set at 10kHz during the course of the experiments. Experimental
grid voltages are formed using Lx3000 California Instrument three-phase
programmable power supply. The non-linear load is taken to be a three-phase
rectifier terminated to a resistive, capacitive assembly. In this control topology, the
parallel inverter (operating in CCVSI mode) is not only controlling the active and
reactive power flow from the grid but also compensating for the non-linear current
drawn by the load from the grid terminal. So, inverter current consists of both
sinusoidal power current and the inverse non-linear load current. The non-linear
load current has substantial di
dt
across the inverter line side inductors necessitates
higher DC link voltage requirement as also reported in the single phase case in
Chapter 4. For the present case of experiment, the maximum DC link voltage is
taken as Vdc = 250V and the maximum value of the grid line voltage is restricted to
100V rms for b-6 inverter power circuit configuration. Application of the proposed
control structure on the b-4 topology inverter as well as other power circuit related
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problems in the b-4 topology are addressed in Chapter 8. This report provides the
experimental results related to b-6 topology only. The details of the power circuit
utilizing b-6 topology, is shown in Figure 6.6.
Figure 6.6: Details of the power circuit of the experiment using b-6 inverter struc-
ture.
The parameters of the power circuit are also given in Table 6.1. The current
Table 6.1: Parameters of the experimental power circuit
Parameter Value
maximum DC link voltage, Vdc 300 V
maximum value of RMS of grid line voltage, vgll 100 V
CCVSI choke inductance, La, Lb, Lc 5mH
CCVSI choke resistance, Ra, Rb, Rc 0.1 Ω
Rectifier link inductance, Ls 400 µH
Rectifier link resistance, Rs 0.1 Ω
Rectifier DC side capacitor, CL 3300 µF
Rectifier DC side resistance, RL 100 Ω
reference of the CCVSI is calculated in such a way that, there is control on the part
of active power drawn by the load from the grid along with maintaining the grid
current to be sinusoid with unity displacement power factor. Hence, the CCVSI
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current reference is calculated as:
i∗Cx = iLx − i∗gx, x ∈ a, b, c (6.34)
where, i∗Cx, iLx and i
∗
gx are the CCVSI current reference, load current and grid
current reference for phase-x. In this chapter the grid phase current references are
calculated using p-q theory based method to ensure minimum possible DC link rip-
ple due to positive and negative sequence voltage and current interaction. Different
grid current reference generation methods are explained in details in Chapter 7.
The focus of the present Chapter is to test the feasibility of the proposed CCVSI
current tracking controller.
6.5.2 Steady state results for the b-6 topology of there-
phase inverter
The schematic of the experimental arrangement for the three-phase inverter with
b-6 topology connected to the unbalanced grid is shown in Figure 6.6. The steady
state experimental results are shown in Figures 6.7 and 6.8. The grid condition is
maintained with the three-phase controllable power supply (as mentioned earlier)
as shown in Figure 6.7(a). It can be analyzed from Figure 6.7(a) that the grid is
contaminated with 20% negative sequence and each of the phase voltages are con-
taminated with 5th, 7th and 11th order voltage harmonics of 10%, 7% and 5% of the
fundamental magnitude respectively. For this system, the grid voltage expression
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can be represented as:
vga(t) = Vp cos(θ) + Vn cos(θ)
+ 0.1 Vp cos(5θ) + 0.1 Vn cos(5θ)
+ 0.07 Vp cos(7θ) + 0.07 Vn cos(7θ)
+ 0.05 Vp cos(11θ) + 0.05 Vn cos(11θ)
vgb(t) = Vp cos(θ − 2pi
3




+ 0.1 Vp cos(5θ − 10pi
3




+ 0.07 Vp cos(7θ − 14pi
3




+ 0.05 Vp cos(11θ − 22pi
3




vgc(t) = Vp cos(θ +
2pi
3
) + Vn cos(θ − 2pi
3
)
+ 0.1 Vp cos(5θ +
10pi
3
) + 0.1 Vn cos(5θ − 10pi
3
)
+ 0.07 Vp cos(7θ +
14pi
3
) + 0.07 Vn cos(7θ − 14pi
3
)
+ 0.05 Vp cos(11θ +
22pi
3
) + 0.05 Vn cos(11θ − 22pi
3
) (6.35)
where, θ is the fundamental phase of grid voltage. As set in the three-phase con-
trollable power supply, the fundamental of grid voltage has positive sequence peak
magnitude is about Vp = 49.3 V and negative sequence peak magnitude is about
Vn = 9.86 V and for phase-a the positive sequence and negative sequence voltage
align on the same phase (total RMS of phase-a voltage is 42.2V and that of phase-b
and phase-c is 32.3 V ). The analysis of the sequence components are addressed in
Chapter 8. The experiment is carried out with DC link voltage. Vdc = 200V . The
non-linear load as described in the previous Section draws active power PL = 75W
under this grid condition.
Initially, the total power along with the non-linear current harmonic is com-
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Figure 6.7: Experimental results of (a) grid voltages, vga, vgb and vgc, (b) phase-a
grid voltage, vga, three-phase load currents, iLa, iLb and iLc, (c) phase-s grid voltage,
vga, three-phase CCVSI currents, iCa, iCb and iCc, (d) phase-a grid voltage, vga,
three-phase grid currents, iga, igb and igc, (e) phase-a grid voltage, vga, phase-a
CCVSI current, iCa, phase-a load current, iLa, phase-a grid current, iga at grid
power command, Pg = 0W and Qg = 0V ar with non-linear load with PL = 75W
with b-6 topology of inverter and Vp = 49.3 V and Vn = 9.86 V .
pensated by the CCVSI with the command Pg = 0W and Qg = 0var. This enables
the CCVSI currents (iCa, iCb and iCc) to follow the load currents, (iLa, iLb and iLc)
as can be concluded from Figure 6.2. The experimental results in this condition
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are shown in Figure 6.7. Figure 6.7(b) shows that because of the unbalance in the
grid voltage, the load currents, are also asymmetrical. However, because of the
a-b-c frame proposed control methodology, the inverter currents, iCa, iCb and iCc
follow the asymmetrical load currents, iLa, iLb and iLc, resulting the grid currents
iga, igb and igc to be zero as can be seen from Figure 6.7(c)-(e).
Figure 6.8: Experimental results of (a) phase-s grid voltage, vga, three-phase CCVSI
currents, iCa, iCb and iCc, (b) phase-a grid voltage, vga, three-phase grid currents,
iga, igb and igc, (c) phase-a grid voltage, vga, phase-a CCVSI current, iCa, phase-a
load current, iLa, phase-a grid current, iga at grid power command, Pg = 60W and
Qg = 0 V ar with non-linear load with PL = 75 W with b-6 topology of inverter
and Vp = 49.3 V and Vn = 9.86 V .
The controller is further tested with grid current consumption command,
Pg = 60 W and Qg = 0 V ar. It is explained in Chapter 7 that even if the
grid voltage has harmonics, the current drawn is sinusoidal with the following
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mathematical form:
iga(t) = Ip cos(θ) + In cos(θ)

































V 2p − V 2n
As can be predicted from Chapter 7 that, under this condition, the phase-a




V 2p − V 2n (for this case about 0.67 A)





V 2p + V
2
n + VpVn
V 2p − V 2n (for this case 0.94 A). It is also discussed that, phase-b grid
current igb lags phase-a grid current iga by and angle 180
0 − tan−1
(√
3 (Vp + Vn)
(Vp − Vn)
)
(for this case about 1080) and phase-c grid current, igc lags phase-a grid current,
iga by an angle 180
0 + tan−1
(√
3 (Vp + Vn)
(Vp − Vn)
)
(for this case about 2500). The ex-
perimental results for this condition are shown in Figure 6.8. It can be seen from
Figure 6.8(a)-(c) that, in the presence of the non-linear load currents, the grid
currents, iga, igb and igc are sinusoidal and following the property as discussed
above to ensure perfect power flow control from the grid side to ensure Pg. The
actual power drawn from the grid can be recalculated (by considering fundamental

















6.5.3 Transient results for the proposed control system
The controller is tested during transient change condition and the experimental
results for the b-6 topology of three-phase grid connected inverter is shown in
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Figure 6.9: Transient experimental waveform of phase-a grid voltage, vga, phase-
a CCVSI current, iCa, phase-a load current, iLa, phase-a grid current, iga with
(a) sudden grid active power command change Pg from 30 W to 60 W , (b) grid
fundamental frequency, fg sudden change from 50 Hz to 49.5 Hz with non-linear
load with PL = 75W with b-6 topology of inverter and Vp = 49.3V and Vn = 9.86.
Figures 6.9. It can be seen from Figure 6.9(a) that, when there is a change in
command of grid active power Pg from 30W to 60W , the phase-a current iga peak
is changed from about 0.33A to 0.64A as predictable from the discussion provided
before while maintaining the proper phase relation with the phase-a grid voltage,
vga. Some sampling noise can be observed in the zoomed waveform during the high
sampling rate of the data acquisition of the oscilloscope. Figure 6.9(b) shows the
dynamics associated with sudden change in grid fundamental frequency from 50Hz
to 49.5 Hz. It can be seen during the frequency change the load undergoes some
transients but sequentially the system is stabilized to the new frequency of the grid
system. The corresponding transient can also be seen in the phase-a grid current,
iga but subsequently the system settles to the new frequency with desired phase
relations and shape. However, it can be noted from Figure 6.9(b) that, when there
is a sudden change in the fundamental grid frequency, the load currents undergo
transient because of the inductance presence in the load connecting junction, which
can be visible in phase-a load current, iLa waveform in Figure 6.9(b), causing the
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delay of the overall system. The response time of the control system is negligible
with respect to this load transient delay as can be predicted from the analysis
provided before.
6.5.4 THD reduction capability of the proposed control
system
The robustness of the proposed controller is checked and the related experimental
results are provided for the b-6 topology of the inventer. To check the robustness
of the proposed controller a linear resistive load is added with the non-linear load
such that the total active load power consumption becomes PL = 300 W . The
grid power command is given as Pg = 250W and Qg = 0 V ar. The experimental
results are shown in Figures 6.10 and 6.11.
Figure 6.10 shows the experimental results of different current waveforms. It
can be observed from Figure 6.10(a) that, because of the paralleling of linear load
with the non-linear load; the load currents, iLa, iLb and iLc also contain significant
amount of lower order harmonics. However, because of the proposed controller
tracking the CCVSI currents, the grid currents are sinusoidal with phase-a grid
current, iga peak about 2.8 A and phase-b and c currents (igb and igc) peak both
are about 4 A with respective phase relation as can be seen from Figure 6.10(c).
The THD improving capability is further investigated by analyzing the FFT
of phase-a grid voltage vga, phase-a load current, iLa, phase-a grid current, iga and
phase-a CCVSI current, iCa as can be seen from Figure 6.11. It can be seen that the
vga FFT is normalized with its fundamental value to show the harmonic percentage
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Figure 6.10: Experimental results of (a) phase-s grid voltage, vga, three-phase load
currents, iLa, iLb and iLc, (b) phase-a grid voltage, vga, three-phase CCVSI currents,
iCa, iCb and iCc, (c) phase-a grid voltage, vga, phase-a grid current, iga, igb, igc at
grid power command, Pg = 250 W and Qg = 0 V ar with hybrid linear and
non-linear load with PL = 300W with b-6 topology of inverter and Vp = 49.3 V
and Vn = 9.86 V .
of the grid voltage. The FFT of iLa, iga and iCa are normalized with respect to
the fundamental value of load current, iLa. It can be remarked from Figure 6.11
that, all the harmonics of the iLa are canceled by the reverse harmonics of iCa
resulting almost no harmonics in iga. It can also be noticed that, grid current iga
only contributes to the fundamental current value of the load current iLa along
with the fundamental current of CCVSI, iCa. It can also be seen from Figure
6.11 that, the FFT of phase-a load current, iLa shows the presence of 3
rd and other
triplen harmonics because of the interaction of full bridge diode rectifier with severe
unbalanced grid voltage ( it can be noted from the FFT of phase-a grid voltage in
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Figure 6.11: Experimental results of phase-a grid voltage, vga, Phase-a load current,
iLa, phase-a grid current, iga, phase-a CCVSI current, iCa and FFT plot of each
variable at grid power command, Pg = 250 W and Qg = 0 V ar with hybrid
linear and non-linear load with PL = 300 W with b-6 topology of inverter and
Vp = 49.3 V and Vn = 9.86 V .
Figure 6.11 that grid voltage does not contain triplen harmonics either); however,
the proposed current controller is also able to compensate for those triplen current
Chapter 6. Control of three-phase inverter 138
harmonics leading to pure sinusoidal grid current waveform. It can be noted that,
the traditional dual frame controller cannot be utilized to compensate for triplen
current harmonics as later does not form any space vector. The proposed controller
can compensate these triplen current harmonics as it works on the a-b-c frame
directly.
6.6 Summary
A new current control strategy for a parallel connected three-phase renewable en-
ergy source based inverter to connect to the generalized micro-grid is proposed.
The control strategy is implemented directly in the a-b-c frame and is able to take
care of unbalance conditions in both the grid voltage as well as line side induc-
tances and load. The proposed method also reduces the THD of the grid current
along with the proper grid active as well as reactive power control. The proposed
control method is simple to implement in digital controller and requires no Park’s
transformation block unlike the conventional method where multiple controllers
are implemented in synchronously rotating dual reference frame and gives superior
performance. Thus the proposed method works without the necessity of the Phase
Lock Loop (PLL). The proposed controller is also capable of rejecting the effect
of grid voltage harmonics in the grid currents. The proposed controller is also
shown to be independent of grid frequency. The stability of the proposed control
system is described with the help of Lyapunov’s first principle hence the name
of the controller. A modeling method of the three-phase grid connected inverter
under unbalanced connection condition is also presented to facilitate the proposed
control action. The proposed control strategy is applied on conventional six switch
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topology (b-6 configuration) of three-phase inverter and presented experimental
results show the effectiveness of the controller.
Chapter 7
Derivation of instantaneous
current references for multi-phase
PWM inverter to control active
and reactive power flow from a
renewable energy source to a
generalized multi-phase
micro-grid system
The previous Chapter deals with the designing of the controllers to track the cur-
rents in the renewable energy based three-phase inverter to ensure a specific amount
of active and reactive power flow from the common AC bus with controlling the
THD of the current drawn from the common AC bus in the presence of the non-
linear load at the point of common coupling (PCC). Now, the current reference
derivation for the inverter to ensure active and reactive power flow along with con-
trolling THD of the current drawn from the PCC is another interesting aspect of
this report.
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In this Chapter a generalized n-phase micro-grid system is considered along
with an n-phase common AC bus interconnected to a renewable energy system with
a n-phase inverter system. A general n-phase non-linear load is also connected
at the common AC bus. Different power theories namely, p-q based approach
and FBD based approach are used to find the current reference for the inverter
to ensure proper power control with grid current THD control capability. The
effect of each of the approach on the DC link side ripples is also investigated
using an instantaneous power balance analysis on both the sides of the inverter.
The theoretical basis is established for a n-phase micro-grid system. However,
experimental results are provided for a typical three-phase generalized micro-grid
system to test the feasibility of the proposed methodologies of deriving the current
reference of the inverter phase currents.
7.1 General description of the load and inverter
interface with the grid
Figure 7.1 shows the schematic of an ‘n’-phase multi-bus micro-grid system con-
nected to the grid at the point of common coupling (PCC). The inverter interfacing
the grid and the load is also interfaced with the renewable energy source to the
Local Bus of the micro-grid. Analysis provided in Chapter 6 shows that the volt-
age source inverter (VSI) operates in current control mode (as CCVSI) to manage
the harvested energy from the renewable energy sources not only to share the
load active power (PL) between power consumption from the Local Bus (Pg) and
power supplied by CCVSI (Pinv) but also the reactive power and harmonic power
drawn by the load are also compensated by the CCVSI to ensure that the cur-
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Figure 7.1: Typical configuration of a renewable energy fed ‘n’- phase micro-grid.
rent drawn from the Local Bus (ig1, ig2 ...... ign) to be sinusoidal and with unity
displacement power factor. The thesis considers the generalized analysis for cur-
rent reference generation scheme of a typical ‘n’-phase generalized grid connected
micro-grid CCVSI system. The utility grid neutral N is electrically isolated from
the DC link mid-point of the VSI. The ‘n’ phase Local Bus voltage with respect to
utility grid neutral N is marked as vg1, vg2........vgn as shown in Figure 7.1. From
this stage onwards, the Local Bus voltages are referred to as grid voltages. The im-
plementation method is described for a typical three-phase system with supported
experimental results.
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7.2 p-q theory based CCVSI current reference
derivation
7.2.1 p-q theory based current references generation scheme
The ‘n’-phase generalized grid is considered to have unbalance in the voltages.
Because of the absence of electrical connection between utility grid neutral N and
CCVSI DC side, the zero sequence current is not present in the inverter. Thus, zero
sequence components of grid voltages do not contribute any active power drawn
in the system interaction. Hence, the presence of zero sequence component in the
grid voltage is neglected as also done in [30]and [129]. The grid voltages contain
both positive and negative sequence components. The grid voltages can be written
as:
vg1(t) = Vp cos(θ1) + Vn cos(θ2)














vgn(t) = Vp cos
(









where, Vp and Vn are the peak values of positive and negative sequence grid voltages
respectively. The positive and negative sequence grid phase angles are θ1 and θ2
respectively and related to grid frequency (ω rad/s) as : θ1 =
∫
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The reference ‘n’-phase grid currents are taken as:
i∗g1(t) = Ip cos(θ1 + β1) + In cos(θ2 + β2) (7.2)
i∗g2(t) = Ip cos
(












i∗gn(t) = Ip cos
(





θ2 + β2 + (n− 1)2pi
n
)
where, Ip and In are the peak of positive and negative sequence reference grid
currents respectively and β1 and β2 are the power factor angles of the respective
reference grid currents respectively.






vg1(t) + vg2(t) e
j 2pi





jθ1 + Vn e
−jθ2 (7.3)















j(θ1 + β1) + In e
−j(θ2 + β2) (7.4)























I∗Cg is the complex conjugate of the grid reference space vector
−→
I∗g . ‘•’ and
‘×’ are dot and cross products of respective quantities. Putting (7.3) and (7.4) into
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(7.5), the modified equations are:
p(t) = P0 + PC cos(θ1 + θ2) + PS sin(θ1 + θ2)
q(t) = Q0 + QC cos(θ1 + θ2) + QS sin(θ1 + θ2) (7.6)
where, P0, PC and PS are the DC, cosine oscillatory and sine oscillatory components
of active power respectively. Similarly Q0, QC and QS are the DC, cosine oscillatory
and sine oscillatory components of reactive power respectively. The constants can





 Vp 0 Vn 00 −Vp 0 −Vn
0 −Vn 0 −Vp
Vn 0 Vp 0

 Ip cos(β1)Ip sin(β1)In cos(β2)
In sin(β2)
 (7.7)
Additionally, other expressions can be found as: PC = QS and PS = −QC .
To minimize the DC link voltage ripples PC and PS are made zero [30, 130]. In
addition the Q0 is made zero to make grid current displacement power factor (DPF)
to be unity. Now, putting P0 = Pg, grid reference active power, Q0 = PC = PS = 0,





(V 2p − V 2n )
In = − PgVnn
2
(V 2p − V 2n )
β1 = β2 = 0 (7.8)
If the phase angles of positive as well as negative sequence grid voltages θ1
and θ2 respectively along with the respective peak values (Vp and Vn) are known,
the grid currents references can be found using (7.2) and (7.8). Now, the CCVSI
three-phase current references (variables are shown in Figure7.1) are found using
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KCL at PCC as:
i∗C1(t) = iL1(t) − i∗g1(t)
i∗C2(t) = iL2(t) − i∗g2(t)
... =
... − ...
i∗Cn(t) = iLn(t) − i∗gn(t) (7.9)
where, iL1(t), iL2(t)......iLn(t) are the ‘n’-phase currents drawn by the non-linear
load connected from PCC.
In the next Section it is explained how the grid voltage phase angles (θ1 and
θ2) and magnitudes (Vp and Vn) can be obtained instantaneously without employing
PLL or Park’s transformation.
7.2.2 Implementation of the p-q theory based CCVSI cur-
rent reference calculation method
This sub-section is directed towards the description of the implementation of the
discussed method. The implementation is carried out for a general three-phase
(n = 3) a-b-c frame. In this special case, the instantaneous grid voltages are





gc. Now, assuming the three-phase load currents are iLa, iLb and iLc,
the three-phase CCVSI current references can be written as,
i∗Ca(t) = iLa(t) − i∗ga(t)
i∗Cb(t) = iLb(t) − i∗gb(t)
i∗Cc(t) = iLc(t) − i∗gc(t) (7.10)
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The implementation of the overall estimation system is shown in Figure 7.2.
Different instantaneous mathematical operations are carried out in the transmission
path to calculate the current references for the CCVSI. The operation of the overall
system is divided into six blocks (BLOCK-A to BLOCK-F) as can be seen from
Figure 7.2. Each of the blocks are explained separately.
7.2.2.1 BLOCK-A
In this block, the real unbalance grid voltages (vga, vgb and vgc) are transformed to
complex grid voltage space vector using, (7.3) with n = 3. It can be seen from
(7.3) that, the real(VgR) and imaginary (VgI) components of the grid voltage space

















In this block, the fundamental grid positive and negative sequence space vectors
are extracted using a complex notch filter (CNF) [126]. The filter is characterized
to work on complex signals (i.e. space vectors) to extract space vectors of the
rotational frequency, which is the tuned frequency of the filters. The digital transfer
function (in ‘z ’-domain) of the complex filter can be expressed as:
H(z) =
1 − a
z − a ej ∆θ (7.12)
Chapter 7. Power control for multi-phase inverter 149
Figure 7.3: The amplitude and phase plot
of the Complex Notch Filter for different
frequencies with two different values of a
with ω0 = 2pi50 rad/s and Ts = 0.1ms.
Figure 7.4: The amplitude and phase plot
of the Complex Notch Filter for different
frequencies with two different values of a
with ω0 = −2pi50 rad/s and Ts = 0.1ms.
where, a is the constant (a < 1) of the filter controlling the bandwidth of the
filter and if ∆θ = ω0Ts (Ts is the sampling time of the discrete system), the filter
extracts fundamental of ‘+ve sequence’ grid space vector (rotating at the speed ‘ω0’
rad/s) otherwise, if ∆θ = −ω0Ts, the filter extracts fundamental of ‘-ve sequence’
grid space vector (rotating at the speed ‘-ω0’ rad/s). At tuned frequency, the gain
of the filter is unity and at all other frequencies (+ve,-ve fundamental or harmonic
depending on the setting of ‘∆θ’), the gain of the filter is less than unity. The
characteristics of the CNF can be explained using the simulation plot provided in
Figures 7.3 and 7.4. The frequency characteristic of the filter explains that the
filter is capable of removing all the harmonics present in the grid voltage and along
with that, the extraction of the ‘+ve’ and ‘-ve’ sequence of the fundamental grid
is possible with the help of this CNF. It should be emphasized that, the proposed
method does not use Fortescue’s method or its derivative to estimate the ‘+ve’
and ‘-ve’ sequence components of the fundamental grid voltages. In the actual
implementation, initially a = 0.90 is used to make the transient time shorter, then
after few sampling instants a = 0.99 is used to make the filtering more efficient.
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There is a scope of optimizing the value of a to improve the performance of CNF
but it is not investigated in this paper.
7.2.2.3 BLOCK-C
In this block, the magnitude and phase of both the positive and negative sequence
grid voltages are found. The mathematical operation of getting the magnitude
(XM) and phase (Xφ) of a space vector
−−→















In Block-C all the parameters Vp ,θ1 ,Vn and θ2 are extracted using (7.13) on both
‘+ve’ and ‘-ve’ sequence space vector.
7.2.2.4 BLOCK-D
In this block, the fundamental frequency of the grid voltage is estimated and the fre-
quency information is used to re-tune the CNF to improve the filtering performance
in the case of change of fundamental grid frequency as can be seen from Figure
7.2. A Rotating Reference Signal Characterizer (RRSC) is proposed to estimate
the fundamental grid frequency accurately. The method can be explained using the
analysis shown in Figure 7.5. The reference Space Vector
−−→
Xref has known frequency
ωref rad/s and unity magnitude (
−−→
Xref = e
j αref = ej ωref t), where t is the time. The
unknown frequency space vector is depicted as
−→
X = XM e
j α = XRe + j XIm with
rotation speed ω0 rad/s. As seen in Figure 7.2, the magnitude, XM of the space
Chapter 7. Power control for multi-phase inverter 151
Figure 7.5: Rotating Space Vectors, to estimate the frequency of the grid funda-
mental voltage.
vector is known from the previous stage, i.e BLOCK-C. As the real and imaginary




Xref are known instantaneously, the dot and cross
product values of the two vectors can be calculated at each sampling instant as a
and b. The mathematical relations can be written as:
a = XM cos(αref − α) = (XRe cos(αref ) + XIm sin(αref ))
b = XM sin(αref − α) = (XRe sin(αref ) − XIm cos(αref )) (7.14)
At two consecutive instants, the values of a and b are stored as a1, a2 and b1, b2
respectively, Now, the angular difference is regarded as αref − α = γ. The two
consecutive samples of γ are regarded as γ1 and γ2. Now, using (7.14), sine and














So, the difference of two angles γ1 and γ2 can be expressed as:
cos(∆γ) = cos(γ1 − γ2) = cos(γ1) cos(γ2) + sin(γ1) sin(γ2) (7.16)
Using (7.15) in (7.16), followed by the inverse cosine on (7.16), ∆γ is extracted.
Now, because of the two consecutive sampling, the following equations also hold in
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this process:
∆γ = (ωref − ω0) Ts
⇒ ω0 = ωref − ∆γ
Ts
(7.17)
where, ω0 is the frequency of the vector
−→
X and Ts is the sampling time of the overall
system. So the fundamental angular frequency of the grid ω0 is estimated by this
method. This method is much more accurate in comparison with other methods.
In the experimental studies ωref = 2pi100 rad/s is taken. It should be noted that,
for accurate operation, the only condition, needs to be satisfied, can be expressed
as: ωref > ω0.
7.2.2.5 BLOCK-E
Now, Vp and Vn are passed to BLOCK-E, in which (7.8) are solved to find Ip, In,
β1 and β2 characterizing parameters of grid current reference shown in (7.2).
7.2.2.6 BLOCK-F
Sequentially, in BLOCK-F, using the parameters solved by BLOCK-E and utilizing
(7.2), the instantaneous grid current references are obtained. Hence, using (7.23),
the CCVSI current references are found as shown in Figure 7.2. The CCVSI current
references are used to run the CCVSI to ensure proper grid active power flow, Pg.
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7.3 FBD theory based CCVSI current reference
derivation
7.3.1 FBD theory based current reference generation scheme
The grid is considered to be a generalized ‘n’-phase system as described in (7.1).
As mentioned before, the grid neutral N is electrically isolated from the inverter,
following the analysis given in [104]-[106], equivalent phase voltage of phase-h, vh,







where, h can take values of 1, 2, 3.......n and vhµ (= vgh − vgµ) is the grid line
voltage of phase-h with respect to phase-µ. The collective RMS voltage of all the





Traditionally, M samples of v2Σ are taken over half cycle of the fundamental grid







The term v2Σ is calculated as an instantaneous running average over the half cycle






where, Pg is the grid active power flow to be ensured by CCVSI current control.
Hence, the instantaneous grid current references can be found as:
i∗gh = G . vh (7.22)
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Now, the CCVSI three-phase current references (variables are shown in Figure 7.1)
are found using KCL at PCC as:
i∗C1(t) = iL1(t) − i∗g1(t)
i∗C2(t) = iL2(t) − i∗g2(t)
... =
... − ...
i∗Cn(t) = iLn(t) − i∗gn(t) (7.23)
where, iL1(t), iL2(t)......iLn(t) are the ‘n’-phase currents drawn by the non-linear
load connected at the PCC.
If the sampling frequency of the overall system is fs Hz and the fundamental
grid frequency is f0 Hz, where f0 =
ω0
2pi





Now, if the fundamental grid frequency, f0 changes with time and it does not have
an integral relation with sampling frequency, fs, number of samples, M , becomes a
fraction and term v2Σ contains oscillation, resulting in the oscillation in the reference
grid currents, i∗gh as can be explained using (7.22). To avoid this problem, a position
sampling based FBD method is proposed and implemented in this thesis. In this
method, M is kept at a fixed value and the sampling of the quantity, v2Σ is carried
out at discrete instants when the ‘+ve’ sequence fundamental grid phase assumes





where, m assumes the values of 0, 1, 2, ......(M − 1).
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7.3.2 Implementation of the FBD theory based CCVSI
current reference calculation method
This sub-section is directed towards the description of the implementation of the
discussed method. The implementation is carried out on a general three-phase
(n = 3) a-b-c frame. In this special case, the instantaneous grid voltages are





gc. Now, assuming the three-phase load currents are iLa, iLb and iLc,
the three-phase CCVSI current references can be written as,
i∗Ca(t) = iLa(t) − i∗ga(t)
i∗Cb(t) = iLb(t) − i∗gb(t)
i∗Cc(t) = iLc(t) − i∗gc(t) (7.26)
The implementation of the overall estimation system is shown in Figure 7.6.
The total implementation method is carried out in seven blocks (BLOCK-A to
BLOCK-G). The implementation of the overall estimation system is shown in Fig-
ure 7.6. The total implementation method is carried out in seven blocks (BLOCK-A
to BLOCK-G).
7.3.2.1 BLOCK-A to BLOCK-D
The details of BLOCK-A to BLOCK-D are same as also done in the case of p-q
based implementation. So, They are not repeated here anymore.
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7.3.2.2 BLOCK-E
In this block, the instantaneous grid voltages are filtered using band pass filter
tuned at fundamental frequency, ωo rad/s (as found from BLOCK-D) and the
filtered three-phase grid voltages are used for further processing. This filtering is
carried out to make the grid reference current harmonic free as also done in [108].
7.3.2.3 BLOCK-F
In this block, the instantaneous quantities vh for all three phases and vΣ are calcu-
lated utilizing (7.18) and (7.19) and passed to next block for further processing.
7.3.2.4 BLOCK-G
In this block, the instantaneous quantity, vΣ is sampled at different fundamental
‘+ve’ sequence grid phase θ1 (as found out from BLOCK-C) according to (7.25)
to find the moving average vΣ and further G is calculated using (7.21). The grid
current references are calculated using (7.22) for all three phases. Thereafter,
CCVSI current references are calculated as shown in Figure 7.6. In the experimental
implementation the half cycle of fundamental grid voltage is split into M = 100
samples.
It can be noted from Figure 7.6 that, from BLOCK-A to BLOCK-D are used
to find out the fundamental grid frequency, ω0 rad/s (which is used for tuning the
filters) and the fundamental positive sequence grid phase, θ1 (which is used for
position sampling). To facilitate this +ve sequence of grid voltages is extracted.
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However, BLOCK-E to BLOCK-G, which are the core blocks from FBD based
CCVSI current reference calculation do not use the information +ve fundamental
sequence grid voltage magnitude, Vp. If any other user likes to use another method
for ω0 estimation and uses any other position synchronized with grid fundamental
phase for this method, is expected to have no difference on current reference calcu-
lation in steady-state. However, if PLL is used to find the fundamental grid phase
and frequency, the delay associated with PLL transient during sudden change of
grid fundamental frequency can hamper the CCVSI current estimation process in
dynamic condition.
7.4 Instantaneous power theory based CCVSI cur-
rent reference derivation
7.4.1 Calculation of instantaneous power for an ‘n’-phase
grid connected system
Considering the ‘n’-phase grid connected system, the instantaneous power inter-
change between inverter and grid due to the grid currents only can be derived as
(assuming actual grid current is following the reference grid currents, i.e. igh = i
∗
gh










Plugging-in the voltage and current expressions in (7.1)-(7.2) in (7.27) and con-
sidering that each phase instantaneous power consists of instantaneous power due
to ‘+ve’ sequence voltage interaction with ‘+ve’ sequence current, ‘-ve’ sequence
voltage interaction with ‘-ve’ sequence current and mutual interactions between
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[VpIn cos (β2) + VnIp cos (β1)] cos (θ1 + θ2)
− n
2
[VpIn sin (β2) + VnIp sin (β1)] sin (θ1 + θ2) (7.31)
Simplifying the DC and oscillating components of instantaneous power, (7.31) can
be restructured as:
pg = P0 + Pc cos (θ1 + θ2) + Ps sin (θ1 + θ2) (7.32)
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Considering that each phase sequence current is interacting with corresponding
sequence voltage to form the DC component of reactive power , Q0, hence utilizing




[VpIp sin (β1) + VnIn sin (β2)] (7.33)
Referring to Figure 7.1, it can be concluded that, the DC side instantaneous power
can be expressed as:
pdc = vdc idc (7.34)
When both the sides of the inverter are concerned, there must be instantaneous
power balance. The inverter current is constituted by load current and the grid
current as depicted in (7.23). So, the instantaneous power at the inverter output



































+ vgh (iLh − igh)
]
= pCR + pCL + pL − pg (7.35)
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whereas, for the hth phase (as can be referred to Figure 7.1), the line side inductor
consists of the resistance, Rh and inductance, Lh.
In practical cases, the typical line side inductors are designed in such a way
that, both Rh and Lh assume small values (of the order of mΩ and mH range),
facilitating the assumption that, values of pCR and pCL can be neglected in com-
parison with values of pL and pg. So, (7.35) can be modified as:
pac ≈ pL − pg (7.36)
It can be mentioned that, pL cannot be controlled because of the nature of the
load. However, pg can be controlled in such a way that the harmonic power due to
grid current can be controlled. Using (7.32) in (7.36) and using pdc = pac, the DC








cos (θ1 + θ2) − Ps
vdc
sin (θ1 + θ2) (7.37)
7.4.2 Extracting the solution provided by p-q theory
To make the oscillatory component of instantaneous power, pg to be zero (terms
associated with cos (θ1 + θ2) and sin (θ1 + θ2)), if each of the components of Ps
and Pc are equated to zero(Pc = 0 and Ps = 0), (7.32) and (7.33) give the same
solution as derived by p-q theory as shown in (7.7). From (7.37), it can be observed
that grid current reference generated using p-q theory ensures minimum possible
DC link current ripple presence of the terms with cos (θ1 + θ2) and sin (θ1 + θ2).
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7.4.3 Analysis of the solution provided by FBD theory

















vgµ = vgh (7.39)
This simplification is followed by substituting (7.1) in (7.18) and using the trigono-
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2 + 2 Vp Vn cos (θ1 + θ2)
]
(7.42)











2 + 2 Vp Vn cos (θ1 + θ2)
)]
(7.43)
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However, cos (θ1 + θ2) has a frequency of double the fundamental frequency of
grid. Hence, theoretically, the average value of cos (θ1 + θ2) over half cycle of





































) cos(θ2 + (h− 1) 2pi
n
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β1 = β2 = 0 (7.46)
Hence, using (7.46) in (7.31) can be modified as:




2 cos (θ1 + θ2) (7.47)
It can also be calculated from (7.33) that the DC component of the reactive power
is: Q0 = 0. However, because of the double harmonic instantaneous power pres-











2 cos (θ1 + θ2) (7.48)
So, if DC voltage, vdc is stabilized with DC link capacitor, the DC current, idc gets
an increment in second harmonic ripple due to the term with cos (θ1 + θ2) as can
be seen in (7.48).
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7.4.4 Derivation of the grid current reference for a typical
three phase unbalance system (n = 3)
If a typical three phase unbalanced grid voltage is considered with phase-a positive
and negative sequence voltage are in same phase such as:
vga(t) = Vp cos(θ) + Vn cos(θ)























where θ1 = θ2 = θ as modified in the (7.1). Now, for the grid power command
active power, Pg and reactive power, 0 V ar, by plugging in solution by p-q theory
based estimator ( (7.8)) in (7.2) for the three phase system (n = 3) the grid current
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Similarly, plugging in (7.46), in (7.2), the grid current reference solutions for the
grid power command active power, Pg and reactive power 0V ar for a typical three
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(7.50) and (7.51) are used to verify that the magnitudes and relative phase angles
of the reference grid currents and actual grid currents in the experimental results,
follow the property of the p-q and FBD theory based current reference calculator
respectively.
7.5 Experimental Results
The grid current reference generation method is validated by extensive testing
on a developed prototype. The overall control system is implemented in DS1104
dSPACE card. The switching frequency of the SPWM, fs as well as the sam-
pling frequency of the overall control system, fsample is set at 10 kHz during the
course of the experiments. Experimental grid voltages are formed using Lx3000
California Instrument three phase programmable power supply.
7.5.1 Experimental results to show the performance of the
complex notch filter
To test the feasibility of the CNF (BLOCK-B) and the RRSC (BLOCK-D) of Fig-
ure 7.2, experiments are carried out with the asymmetrical and harmonic distorted
Chapter 7. Power control for multi-phase inverter 166
grid voltages controlled by the three-phase programmable AC power supply. It
can be analyzed from Figure 7.7(a) that the grid is contaminated with 20% neg-
ative sequence and each of the phase voltages are contaminated with 5th, 7th and
11th order voltage harmonics of 10%, 7% and 5% of the fundamental magnitude
respectively. The grid voltages can be expressed as:
vga(t) = Vp cos(θ) + Vn cos(θ)
+ 0.1 Vp cos(5θ) + 0.1 Vn cos(5θ)
+ 0.07 Vp cos(7θ) + 0.07 Vn cos(7θ)
+ 0.05 Vp cos(11θ) + 0.05 Vn cos(11θ)
vgb(t) = Vp cos(θ − 2pi
3




+ 0.1 Vp cos(5θ − 10pi
3




+ 0.07 Vp cos(7θ − 14pi
3




+ 0.05 Vp cos(11θ − 22pi
3




vgc(t) = Vp cos(θ +
2pi
3
) + Vn cos(θ − 2pi
3
)
+ 0.1 Vp cos(5θ +
10pi
3
) + 0.1 Vn cos(5θ − 10pi
3
)
+ 0.07 Vp cos(7θ +
14pi
3
) + 0.07 Vn cos(7θ − 14pi
3
)
+ 0.05 Vp cos(11θ +
22pi
3
) + 0.05 Vn cos(11θ − 22pi
3
) (7.52)
where, θ is the fundamental phase of grid voltage. As set in the three-phase con-
trollable power supply, the fundamental of grid voltage has positive sequence peak
magnitude is about Vp = 49.3 V and negative sequence peak magnitude is about
Vn = 9.86 V and for phase-a the positive sequence and negative sequence voltage
align on the same phase (total RMS of phase-a voltage is 42.2V and that of phase-b
and phase-c is 32.3V ). The fundamental positive and negative sequence of phase-a
voltages are refereed as vgafP and vgafN respectively as:
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vgafP = Vp cos(θ)
vgafN = Vn cos(θ) (7.53)
Figure 7.7: Experimental results (a) three phase grid voltages, vga, vgb and vgc at
fundamental grid voltage frequency, fg = 50 Hz, (b) phase-a grid voltage, vga,
fundamental grid frequency, fg, fundamental positive sequence phase-a voltage,
vgafP , fundamental negative sequence phase-a voltage, vgafN under sudden change
in fundamental grid frequency, fg from 50Hz to 48 hz.
It can be observed from Figure 7.7(b), that, the CNF output of vgafP and
vgafN are concurrence with the theoretical value as discussed in (7.52) and (7.53).
The filter also responses within appreciable range even in the case of sudden jump
of fundamental grid frequency by 2 Hz as shown in Figure 7.7(b). It can also be
noted from Figure 7.7(b) that, the frequency output of the RRSV (BLOCK-D of
Figure 7.2) also follows the frequency change and tune the CNF accordingly.
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7.5.2 Experimental results to show the reference current
generation using p-q and FBD theory
The reference grid current generation schemes using p-q and FBD methods are
experimentally tested and the experimental results are shown in Figure 7.8.





gc for (a) pq theory based grid current reference estimator, (b)
FBD theory based grid current reference estimator for a sudden change of grid
active power command, Pg from 60 W to 30 W with fundamental grid sequence
voltages Vp = 49.3 V and Vn = 9.86 V .
Figure 7.8(a) shows the experimental waveforms of phase-a grid voltage, vga




gc with a transient of sudden change of
grid active power command, Pg from 60W to 30W using p-q method of estimation.
It can be observed that when the Pg = 60 W , the phase-a grid current peak is
about 0.67 A and the peak of both phase-b and phase-c grid currents are about
0.94 A as can also be calculated from (7.50). The corresponding values jump to
about 0.34A and 0.47A when Pg command is initiated as can be seen Figure 7.8(a).
The relative phase angles between the phase grid currents are shown to be about
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1080 (between i∗ga and i
∗
gb) and 252
0 (between i∗ga and i
∗
gc) as can be observed in
Figure 7.8(a). The phase angles can also in accordance to the (7.50). The grid
voltage harmonics are filtered by the CNF so that the grid current references are
free of any grid harmonics. Figure 7.8(b) shows the experimental waveforms of







transient of sudden change of grid active power command, Pg from 60W to 30W
using FBD method of estimation. the figure depicts that when Pg = 60 W is
there the peak value of phase-a grid current reference is about 0.94A and the same
for phase-b and phase-c grid current reference is 0.71 A. During Pg command the
corresponding values attained the magnitudes of 0.47A and 0.34A respectively. It
can also be observed from Figure 7.8(b) that the respective phase grid current is
in phase with the respective fundamental grid phase voltage as can be confirmed
with the relative phase angles of the variables in Figures 7.7(a) and 7.8(b). The
magnitude and relative phase angles of the grid current reference for FBD method
of estimation can also be confirmed with the (7.51).
Figure 7.9(a) shows the experimental waveform of the unbalanced and har-
monic contaminated grid voltage waveforms. The relative phases of the respective
grid voltages explain the unbalance nature also. Figure 7.9(b) shows the grid cur-




gc for fundamental grid frequency, fg = 50Hz
and grid power command, Pg = 100W . It can be noted from Figure 7.9(b) that,
the peak value of the reference currents are about 1.56 A for phase-a and about
1.19 A for phase-b and c with each of the grid current references are exactly in
phase with the respective fundamental grid phases to ensure Qg = 0 V ar. It
can be noted that the relative magnitudes of the reference grid currents are same
value as can also be predicted from (7.51). Figure 7.9(c) shows the grid current
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Figure 7.9: Experimental results (a) three-phase grid voltages, vga, vgb and vgc at
fundamental grid voltage frequency, fg = 50 Hz, (b) phase-a grid voltage, vga,




gc at 50Hz with Pg = 100Watts, (c)






gc for a sudden
change of grid frequency, fg from 50 Hz to 48 hz at Pg = 100 W command, (d)






gc for a sudden
change of grid active power command, Pg from 50W to 100W at fundamental grid
voltage, fg = 50 Hz with FBD method of current reference estimation and grid
sequence voltages Vp = 49.3 V and Vn = 9.86 V .
references during a sudden change of grid fundamental frequency from fg = 50 to
fg = 48Hz with grid active power command Pg = 100W . It can be seen from the
waveform that, there are transients (magnitude and phase change of the reference
currents) due to the sudden frequency change is followed by stable steady state
with correct magnitude and phase relation. It can be noted that the sampling fre-
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quency fs = 10 kHz is not an integral multiple of the fundamental grid frequency
fg = 48 Hz. However, because of the position sampling, the calculator is able to
calculate correct and stable grid current references. Figure 7.9(d) shows the tran-
sient waveform of the grid current references during the transient active grid power
command change from Pg = 50W to Pg = 100W with fundamental grid frequency
maintained at fg = 50Hz. It can be seen that, after issuance of the power change
command, the current reference magnitudes, almost immediately jump to double
the value due to the doubling of the power command with no change in the relative
phase relations. It can be noted the despite of the harmonics presence in the grid
voltages, the grid current references are not polluted with harmonics.
7.5.3 Experimental results to show the grid current track-
ing for the CCVSI
To test the impact of different grid current reference generation schemes on the real
power circuit, experiments are carried out. The experimental results are presented
with b-6 topology of three phase grid connected inverter. A non-linear load is
also connected at the point of common coupling of the grid. The schematic of the
experimental setup is shown in Figure 6.6. Different parameters of the experimental
setup is shown in Table 6.1. It is seen that with the specified unbalanced grid
described in (7.52), the non-linear load draws active power amounting to PL. The
CCVSI is controlled in such a way that, Pg = 60 W is drawn from the grid and
rest of the active power along with the non-linear current compensation is carried
out by the CCVSI. The current of the CCVSI is controlled using the a-b-c frame
Lyapunov function base current controller as described in details in Chapter 6.
The current reference of the grid are calculated using p-q technique ( (7.8)) and
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FBD technique ( (7.22)) and the CCVSI current references are found using (7.23)
and it is tracked with the a-b-c frame Lyapunov function based controller and the
experimental results are provided in Figure 7.10.
The non-linear load currents are shown in Figure 7.10(a). Figures 7.10(1b)-
(1c) and 7.10(2b)-(2c) show the corresponding CCVSI currents (iCa, iCb, iCc)
and the grid currents (iga, igb, igc) for the p-q and FBD method of grid cur-
rent generation techniques respectively. It can be noticed that the magnitudes
and relative phases of the actual grid currents shown in Figures 7.10(1c) and
7.10(2c) matches with that of the reference grid currents as shown in Figure 7.8
for both the current reference generation methods. From, Figure 7.10(1c), the
actual active power drawn from the grid for the p-q based estimator can be recal-
















' 60 W .
From, Figure 7.10(2c), the actual active power drawn from the grid for the FBD

















7.5.4 Experimental results to show the DC link ripple com-
parison in p-q and FBD theory based grid current
estimation
The DC link ripple is an important aspect of investigation in the choice of grid
current reference generation scheme. However, as can be seen from (7.38) and (7.48)
that, if the DC link voltage is is maintained without ripple with DC link capacitors,
the ripple manifests in the DC link current idc. The idc ripple is affected by the load
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Figure 7.10: Experimental results of (a) grid phase-a voltage, vga, three phase load
currents, iLa, iLb, iLc, (1b) Phase-a grid voltage, vga, three phase CCVSI currents,
iCa, iCb, iCc with pq theory based grid current estimator, (2b) Phase-a grid voltage,
vga, three phase CCVSI currents, iCa, iCb, iCc with FBD theory based grid current
estimator, (1c) Phase-a grid voltage, vga, three phase grid currents currents, iga,
igb, igc with pq theory based grid current estimator, (2c) Phase-a grid voltage, vga,
three phase grid currents currents, iga, igb, igc with FBD theory based grid current
estimator, with grid power command, Pg = 60 W and Qg = 0 V ar with non-
linear load with PL = 75 W with b6 topology of inverter and Vp = 49.3 V and
Vn = 9.86 V .
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ripple (as a part of pL) and the grid voltage ripple. To test the ripple manifestation
due to the current reference scheme only, the grid voltage are maintained to be pure
sinusoid with 20% negative sequence contamination and the CCVSI is controlled
to pump pure sinusoid current to the grid in the absence of any load at the PCC
(pL = 0). The schematic of the experimental setup is shown in Figure 7.11. The
experimental results are shown in Figure 7.12.
Figure 7.11: Details of the power circuit of the experiment to sink power to grid.
The grid voltages are controlled to have only fundamental with 20% negative
sequence voltage as:
vga(t) = Vp cos(θ) + Vn cos(θ)
vgb(t) = Vp cos(θ − 2pi
3




vgc(t) = Vp cos(θ +
2pi
3




The fundamental of grid voltage has positive sequence peak magnitude is about
Vp = 49.73 V and negative sequence peak magnitude is about Vn = 9.95 V and
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Figure 7.12: Experimental results of (a) the grid phase voltages, vga, vgb, vgc, (1b)
Phase-a grid voltage, vga, three phase CCVSI currents, iCa, iCb, iCc with pq theory
based grid current estimator, (2b) Phase-a grid voltage, vga, three phase CCVSI
currents, iCa, iCb, iCc with FBD theory based grid current estimator, (1c) Phase-a
grid voltage, vga, DC link current, idc, two CCVSI currents iCb, iCc with pq theory
based grid current estimator, (2c) Phase-a grid voltage, vga, DC link current, idc,
two CCVSI currents iCb, iCc with FBD theory based grid current estimator, with
grid power command, Pg = −200 W and Qg = 0 V ar with non-linear load with
PL = 0 with b6 topology of inverter and Vp = 49.73 V and Vn = 9.95 V .
for phase-a the positive sequence and negative sequence voltage align on the same
phase (total RMS of phase-a voltage is still 42.2V and that of phase-b and phase-c
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is 32.3 V ). The sinusoidal grid voltages are shown in Figure 7.12(a). The active
power sinked to the grid is amounting to Pg = −Psink = −200 W . The DC
link voltage is maintained at the value Vdc = 200 V . Figure 7.12(1b) shows the
three phase sinusoidal CCVSI current waveforms. As can be predicted from (7.50)
for p-q theory based estimator, for the CCVSI currents(which is also the negative
grid currents) phase-a assumes the peak value of about 2.2 A and phase-b and
phase-c assumes the peak value about 3.1A and the specific relative phases as can
be supported by Figure 7.12(1b). Similarly, from Figure 7.12(2b) for FBD theory
based estimator, it can be seen that the phase-a CCVSI current peak is about
3.1A and the same of phase-b and phase-c for CCVSI is about 2.4A. The relative
phase relations of the CCVSI currents are also shown in Figure 7.12(2b). The
magnitudes as well as the phases are also in accordance with the (7.51). However,
to compare the ripple in the DC link currents in the p-q and FBD method of
estimator, Figures 7.12(1c) and 7.12(2c) respectively are compared. It can be seen
that, for p-q theory based estimator, the DC link current is double harmonic ripple
free and maintaining a steady value of about 1.1A as can be predicted using (7.38)
(putting vdc200V , pL = 0 and Pg = −200W ). On the other hand, for FBD theory
based estimator, the DC link current has double harmonic current ripple of peak
to peak value about 0.9A and a steady DC value of about 1.1A (Figure 7.12(2c)).
The relative values of the harmonic current to the DC value of current in the DC
link can be confirmed with (7.48) with pL = 0, Pg = −200 W , vdc = 200 V ,
Vp = 49.73 V and Vn = 9.95 V .
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7.6 Summary
In this Chapter, different grid current reference generation and inverter current ref-
erence derivation methods are proposed for a parallel multi-phase renewable energy
source based inverter connected to generalized multi-phase micro-grid ystem. The
reference current tracking by the inverter ensures proper active and reactive grid
power flow along with minimum THD of the grid currents in the presence of a non-
linear load at the grid. The proposed methods are implemented in the a-b-c frame
resulting fast dynamic response with respect to the conventional method. The
proposed methods also operate without the PARK’s transformation, hence usage
of traditional PLL is not needed. However, the fundamental grid voltage phase is
extracted using a proposed alternative method, which is less computation intensive
that conventional PLL. The proposed CNF based symmetrical voltage sequence ex-
traction block is also easier to implement than the traditional Fortescue’s method.
Different grid current reference generation schemes, i.e. p-q and FBD methods
are investigated and the effect on DC link side ripples are also investigated. The
proposed methods are also capable of rejecting the effect of grid voltage harmonics
in the grid current references and that of change in grid frequency. A detailed
analysis of the overall systems are provided for a generalized n-phase system and
the proposed systems are validated in a generalized three-phase micro-grid system.
Experimental results are provided to verify the feasibility of the proposed system.
Chapter 8
Application of four-switch based
three-phase grid connected
inverter to connect renewable
energy source to a generalized
micro-grid system
The three-phase renewable energy source based inverters are mostly six switch
based b-6 topology inverters connected to generalized micro-grid systems. However,
the cost minimization of the overall hardware of the micro-grid system is one of the
important aspect of research these days. In motor drive applications, four-switch
based three-phase inverters (b-4 topology) are commonly used as can be seen from
[111]-[119]. However, different complex space vector techniques are used to reduce
the phase current distortion of the four-switch based three-phase inverters because
of the DC link mid-point voltage fluctuation as well as asymmetrical splitting of
DC link capacitors.
In this Chapter a novel method is proposed to use four-switch based three-
178
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phase inverter for grid connected renewable energy source based inverter appli-
cation. A novel current control system is proposed to take care of the DC link
mid-point voltage fluctuation as well as asymmetrical splitting of DC link capaci-
tors using simple Sine PWM based power electric switching modulation technique.
The proposed system reduces the hardware cost of the interconnecting inverter in
the micro-grid due to the reduction of switch count of the inverter. Experimental
results are provided to verify the feasibility of the proposed concept.
8.1 Four switch three-phase VSI (b-4 topology)
based grid connected inverter
The power circuit of a typical three-phase renewable energy source base inverter
connected to generalized micro-grid is shown in Figure 6.2 and the operation of
the overall circuit is described in Chapter 6. The inverter circuit is modified to
form a four-switch based three-phase inverter interfacing the micro-grid system as
shown in Figure 8.1. The DC voltage source, vdc is assumed to be formed by the
Figure 8.1: Details of the power circuit of the experiment using b-4 inverter struc-
ture.
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renewable energy sources as explained before in Figure 6.2. In the b-4 power circuit
shown in Figure 8.1, the two phases (phase-a and phase-b) are connected to the
two different legs of the inverter and the phase-c is connected to the expected DC
link mid-point O. Ideally, the DC link split capacitors Cdc1 and Cdc2 should be of
exactly the same value. In practical case it is impossible to get such a symmetry
in the capacitors even if from the same manufacturer and under the same batch
of production. The point O’ is the ideal DC link mid-point splitting the DC link
voltage in exact halves. However, in reality, point O’ does not exist. The inverter
is connected to the three-phase grid at the PCC. At the same PCC, a non-linear
three-phase rectifier load is also connected as shown in Figure 6.2.
8.2 Mathematical modeling of the b-4 topology
based grid connected inverter and descrip-
tion of the control structure
Figure 8.1 explains the interconnection between the grid and the inverter system.
The grid neutral point N is isolated from the inverter ensuring the absence of zero
sequence current in the inverter current. The three-phase line side inductances are
characterized with inductance and resistance, (La, Ra), (Lb, Rb) and (Lc, Rc). The












+ Rc iCc = vic − vgc
iCa + iCb + iCc = 0 (8.1)
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here, via, vib and vic are the respective inverter phase voltages with respect to the
grid neutral, N and vga, vgb and vgc are the respective grid phase voltages with
respect to the grid neutral, N. The details of the analysis are given in Chapter 6.
Analyzing (8.1) in line voltage domain and taking phase-a and phase-b currents to
be independent state variables (x1 = iCa and x2 = iCb), the equations can be
rearranged (as also done in Chapter 6) as:
dx1
dt
= a11x1 + a12x2 + b11viac + b12vibc + d1
dx2
dt
= a21x1 + a22x2 + b21viac + b22vibc + d2 (8.2)
where, a11 = −RaLb +RcLb +RaLcLaLb + LbLc + LcLa , a12 = −
RcLb −RbLc
LaLb + LbLc + LcLa
, a22 = −RbLa +RcLa +RbLcLaLb + LbLc + LcLa ,
a21 =
RcLa −RaLc
LaLb + LbLc + LcLa
, b11 =
Lb + Lc
LaLb + LbLc + LcLa
, b12 = − LcLaLb + LbLc + LcLa ,
b21 = − LcLaLb + LbLc + LcLa , b22 = La + LcLaLb + LbLc + LcLa , d1 = −
(Lb +Lc)vgac −Lcvgbc
LaLb + LbLc + LcLa
,
d2 = −−Lcvgac + (La + Lc)vgbcLaLb + LbLc + LcLa . where, vimn and vgmn are respective inverter and grid
line voltages between phase m and n respectively with m,n ∈ a, b, c and d1, d2
are regarded as the disturbance inputs to (8.2).
The line side inductances are designed in such a way that, La ' Lb ' Lc = L
















vibc + d2 (8.3)
The inverter line voltages can be expressed as:
viac = viaO′ − vicO′ = viaO′ − vOO′
vibc = vibO′ − vicO′ = vibO′ − vOO′ (8.4)
where, point O’ is the ideal mid-point of the DC link voltage as can be seen in
Figure 8.1. The SPWM process controls the phase voltages with respect to the
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ideal DC link mid-point O’, i.e. viaO′ and vibO′ . However, for b-4 topology, inverter
phase-c voltage with respect to the ideal DC link mid-point can be expressed as:













where, vOO′ is the potential of point O with respect to the ideal DC link mod-point
O’ and Vdcn is the DC component of the voltage vdcn and in is the AC component
of the current flowing through the lower DC link split capacitor, Cdc2 (as shown in
Figure 8.1). Applying KCL at point O as shown in Figure 8.1, it follows:
ip + in = iCcac (8.6)
where, ip and in are the AC component of the currents of the two DC link split
capacitors and iCcac is the AC component of phase-c current (later it is explained
that phase-c current, iCc contains AC component, iCcac as well as DC component)
as shown in Figure 8.1. Hence, it is logical to express in as a proportion of AC
component of the phase-c current, iCcac as:
in = k iCcac (8.7)
where, k is a constant depending on the relative values of DC link split capacitors
Cdc1 and Cdc2. Plugging in (8.7) into (8.5), the equations can be modified as:




























vibO′ + d2 − 1
3 L
vOO′ (8.9)
















vibO′ + d2m (8.10)
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iCcac dt respectively and the DC





as follows (by plugging in (8.8) in (8.9)):
























It can be noticed from (8.10) and (8.11) that, the voltage fluctuation of the DC




iCcac dt (as can be seen from (8.8)) is modeled as a regular
periodic disturbance in the proposed control methodology.
8.3 Implementation of the control system for the
b-4 topology based grid connected inverter
Referring to (8.10), the following voltage variables are defined as:




] [ viaO′vibO′ ] (8.12)
Further, (8.10) are restructured as:
dx1
dt
= v1 + d1m
dx2
dt
= v2 + d2m (8.13)
For arbitrary waveform tracking in these two states, a non-linear control law is
derived based on the Lyapunov function method, i.e. the first principle of absolute
stability.
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where error array e is represented as:
e =
[ e1e2 ] = [ x∗1 − x1x∗2 − x2 ] (8.15)
where, x∗1 and x
∗
2 are the tracking references of x1 and x2 respectively.
According to the property of Lyapunov function, V > 0 for all the conditions
except e = 0 in this case. Thus, the selected V can be mentioned to be a positive
definite function. It is required to find out control inputs v1(t) and v2(t) such
that tracking error matrix e(t) asymptotically converges to zero. Lyapunov direct
method is used to find the control inputs u1(t) and u2(t) for the specific application













− v1 − d1m
dx∗2
dt
− v2 − d2m
]
(8.17)
From Lyapunov function method of finding the stability, the first derivative should
be a negative definite function as:
dV
dt






with λ1 and λ2 are to be strictly positive quantities.








+ λ2e2 − d2m (8.19)
d1m, d2m consist not only grid voltage disturbances, DC link mid-point oscillations
as well as the non-linearities due to the blanking time of the inverter semiconductor
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switches. Besides these, measurement and estimation of these disturbance parts
using voltage and current sensors leads to erroneous control actions because of
sensor phase delay and inaccurate gain setting due to the harmonics present in
circuit voltage and current quantities. Hence, d1m and d2m terms are estimated
using a parallel SRC as also carried out in the case of Chapter 3 and Chapter 6.
The overall control system is implemented with the hybrid Lyapunov function
based controller in parallel with the SRC as discussed in details in Chapter 6.
Further detailed analysis of the hybrid control structure can be refereed in Chapter
6. In this thesis, only control law is derived following the analysis given in Chapter
6. The total voltage (v1 and v2), can be split into Lyapunov function based control
law (vlf1 and vlf2) and Spatial Repetitive Controller based control law (vSRC1 and

















where, x∗1 and x
∗
2 are the reference functions of the variables x1 and x2 respectively
and λ1 and λ2 are strictly +ve constants to make the the system largely stable by
first principal of Lyapunov (the details of the convergence analysis of the specific
Lyapunov function are given in Chapter 6. The SRC based disturbance estimator






vsrc1(i− 1, θk) + Ksrc (x∗1(i− 1, θk+N1) − x1(i− 1, θk+N1))
vsrc2(i− 1, θk) + Ksrc (x∗2(i− 1, θk+N1) − x2(i− 1, θk+N1))
]
(8.21)
where, θk is the fundamental phase angle of the grid voltage at k
th position sample,
x(i, θk) is the value of variable x at k
th position sample and ith iteration, Ksrc is the
gain of the repetitive controller and N1 is the position sample advancement where
N is the total number of position sample in one 3600 of fundamental grid phase.
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Thus the fluctuation of the DC link mid-point O is eliminated by the action of the
Spatial Repetitive Controller, without any information about the split capacitors
value or phase-c instantaneous current, iCc information.










where Vdc is the DC link voltage of the inverter.
The control system is implemented in the rapid prototyping DSP dSPACE
ds1104 card with sampling frequency fsample = 10 kHz and SPWM switching
frequency, fswitch = 10kHz. The parameters of the overall control system used are
λ1 = λ2 = 300, 000 (based on the convergence criterion of Lypaunov function as
discussed in Chapter 3 and Chapter 6), total number of position sample for SRC
implementation, N = 200, the number of sample advancement, N1 = 6 (based on
the phase delay in the control loop) and the gain of repetitive controller, Ksrc =
100 (based on the convergence criterion of the SRC). The design methodology to
calculate the values of the parameters are discussed in details in Chapter 3 and
Chapter 6. The overall schematic of the control system is shown in Figure 8.2.





































Chapter 8 . Four-switch based three-phase inverter application 188
8.4 Effect of DC link split capacitor unbalance
on the operation of the b-4 topology three-
phase inverter for grid connected application
Figure 8.1 depicts that the DC link mid-point O is extracted by splitting the DC
link with two split capacitors Cdc1 and Cdc2. Ideally, the two capacitors must be
equal to ensure perfect splitting of the DC link voltage. But, in practical cases,
the values are always different, i.e. Cdc1 6= Cdc2. Hence, the DC link capacitors
are charged, the splitting of DC voltage in the capacitors becomes asymmetrical.
Mathematically, the initial DC value of the voltage of the lower capacitor (Vdcn) is










the effective disturbance terms d1m and d2m as can be explained using (8.10) and
(8.11). The DC disturbance terms tend to force a DC current in the circuit as can
be explained using (8.13). However, the DC analysis can be done on the overall
control system and power electronic circuit to investigate the DC effect.
The AC and DC components of corresponding currents (x1, x2) in the circuit
are considered to be x1ac, x1dc and x2ac, x2dc respectively. It should be noted from
(8.13) that, the total control voltages, v1 and v2 can be split as v1dc, v1dc and v2dc,
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v2ac respectively as:
x1 = x1dc + x1ac
x2 = x2dc + x2ac
v1 = v1dc + v1ac
v2 = v2dc + v2ac (8.24)
Using the superposition principle, it can be concluded that v1ac and v2ac are
the part of control signals acted by Lyapunov function based controller and Spatial
Repetitive controller to nullify the AC periodic disturbance and establish the AC
current tracking. However, rejection of the DC disturbance is not done by Spatial
Repetitive controller as it is ineffective on DC steady state error due to infinite
period. So, the effective operation of the power circuit along with the control
system in the DC disturbance (Vdcn − V dc2 ) can be regarded as shown in Figure
8.3.
Hence, for DC analysis, (8.13) can be modified as:
dx1dc
dt
= v1dc + ddc
dx2dc
dt
= v2dc + ddc (8.25)




, v1dc = λ1 (x
∗
1dc − x1dc) and v2dc = λ2 (x∗2dc − x2dc)
with the set values: x∗1dc = x
∗
2dc = 0.
Figure 8.3 concludes that, because of the presence DC internal model 1
S
,
the steady state value of DC component of both the state variables are zero, i.e.
x1dc = x2dc = 0. Hence in steady state, v1dc = v2dc = 0. On the other hand




= 0 resulting in ddc = 0 as per (8.25). Thus it
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Figure 8.3: DC equivalent circuit of the b-4 topology three-phase grid connected
inverter.
can be concluded that, in steady state the DC component of voltage of the lower
DC link split capacitor, Vdcn =
Vdc
2
, irrespective of the split capacitor unbalance.
In the later part of this paper experimental results are provided to support this
phenomena.
8.5 Experimental Results
To test the feasibility of the proposed b-4 topology based three-phase inverter
based grid connected systems, experiments are carried out with different operating
conditions. The overall control system is implemented inside dSPACE ds1104 DSP
card based control environment. The sampling frequency of the overall system is
set at fsample = 10 kHz and the frequency of SPWM is set at fswitch = 10 kHz.
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Experimental grid voltages are formed using Lx3000 California Instrument
three-phase programmable power supply. The current reference of the CCVSI is
calculated in such a way that, there is a control on the part of active power drawn by
the load from the grid along with maintaining the grid current to be sinusoidal with
unity displacement power factor. Hence, the CCVSI current reference is calculated
as:
i∗Cx = iLx − i∗gx, x ∈ a, b, c (8.26)
where, i∗Cx, iLx and i
∗
gx are the CCVSI current reference, load current and grid
current reference for phase-x. In the paper the current references for the grid cur-
rents are calculated using p-q theory based method to ensure minimum possible
DC link ripple due to positive and negative sequence voltage and current interac-
tions. Different grid current reference generation methods are explained in details
in Chapter 7. The focus of the present paper is to test the feasibility of the b-4
topology based three-phase inverter for grid connected system with the proposed a-
b-c frame Lyapunov function based current tracking controller discussed in Chapter
6.
8.5.1 Experimental results to show the operation of the b-4
topology based three-phase inverter in the presence
of non-linear load at the grid terminals
Firstly, the b-4 topology based three-phase inverter is connected to the unbalanced
and harmonic contaminated grid supply voltages. A non-linear load (three-phase
diode rectifier terminated to the capacitor load) is also connected. The schematic
of the experimental setup is shown in Figure 8.4. The three-phase grid voltage
waveforms are shown in Figure 8.5. It can be analyzed from Figure 8.5 that, the
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grid is contaminated with 20% negative sequence and each of the phase voltages
are contaminated with 5th, 7th and 11th order voltage harmonics of 10%, 7% and
5% of the fundamental magnitude respectively. For this system, the grid voltage
expressions can be represented as:
vga(t) = Vp cos(θ) + Vn cos(θ)
+ 0.1 Vp cos(5θ) + 0.1 Vn cos(5θ)
+ 0.07 Vp cos(7θ) + 0.07 Vn cos(7θ)
+ 0.05 Vp cos(11θ) + 0.05 Vn cos(11θ)
vgb(t) = Vp cos(θ − 2pi
3




+ 0.1 Vp cos(5θ − 10pi
3




+ 0.07 Vp cos(7θ − 14pi
3




+ 0.05 Vp cos(11θ − 22pi
3




vgc(t) = Vp cos(θ +
2pi
3
) + Vn cos(θ − 2pi
3
)
+ 0.1 Vp cos(5θ +
10pi
3
) + 0.1 Vn cos(5θ − 10pi
3
)
+ 0.07 Vp cos(7θ +
14pi
3
) + 0.07 Vn cos(7θ − 14pi
3
)
+ 0.05 Vp cos(11θ +
22pi
3
) + 0.05 Vn cos(11θ − 22pi
3
) (8.27)
where, θ is the fundamental phase angle of grid voltage. As set in the three-
phase controllable power supply, the fundamental of grid voltage has positive se-
quence peak magnitude is about Vp = 46.2 V and negative sequence peak mag-
nitude is about Vn = 9.25 V and for phase-a the positive sequence and negative
sequence voltage align on the same phase (total RMS of phase-a voltage is 36.9 V
and that of phase-b and phase-c is 30.3 V ). The analysis of the sequence com-
ponents are addressed in Chapter 7. The experiment is carried out with DC link
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Figure 8.4: Details of the power circuit of the experiment using b-4 inverter struc-
ture with non-linear load ar grid PCC.
Figure 8.5: Experimental results of grid voltages, vga, vgb and vgc with Vp = 49.3V
and Vn = 9.86 V .
voltage, Vdc = 250V (the CCVSI controls the load power sharing from grid as well
as compensates for the non-linear load currents, hence needs higher DC link than
usual because of high di
dt
as discussed in Chapter 8. Because of the b-4 topology,
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even higher DC link is needed as discussed in [112].). The non-linear load as de-
scribed in the previous Section draws the active power PL = 65W under this grid
condition. The experimental results are shown in Figures 8.6 and 8.7. Different
parameters of the experimental setup of Figure 8.4 are shown in Table 8.1.
Table 8.1: Parameters of the experimental power circuit
Parameter Value
maximum DC link voltage, Vdc 250 V
CCVSI choke inductance, La, Lb, Lc 5mH
Rectifier link inductance, Ls 400 µH
Rectifier link resistance, Rs 0.1 Ω
Rectifier DC side capacitor, CL 3300 µF
Rectifier DC side resistance, RL 100 Ω
DC link Splitting capacitors , Cdc1 and Cdc2 183 µF and
184 µF respec-
tively
It can be observed from Figure 8.6(a) that, the load draws asymmetrical non-
linear currents, iLa, iLb, iLc from the PCC. With the issuance of the grid power
command Pg = 0 W and Qg = 0 V ars, the total load power PL = 65 W as
well as the non-linear currents are compensated by the CCVSI resulting in the
CCVSI currents, iCa, iCb and iCc are following the non-linear load currents, iLa,
iLb, iLc resulting in the grid currents, iga, igb, igc to be exactly zero as can be seen
from Figures 8.6(b)-(d). According to the property of b-4 topology, the current
flowing through the lower DC link capacitor, in (as shown in Figure 8.6(e)) has the
oscillating comportment due the souring of phase-c current of CCVSI, iCc as can
be verified by the experimental results shown in Figure 8.6(e). As a result of this
the DC link split voltage, vdcp also oscillates as can be confirmed by Figure 8.6(f).









However, this mid-point oscillation is rejected in the current tracking performance
by the Spatial Repetitive Controller as discussed before.
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Figure 8.6: Experimental results of (a) phase-s grid voltage, vga, three-phase load
currents, iLa, iLb and iLc, (b) phase-s grid voltage, vga, three-phase CCVSI currents,
iCa, iCb and iCc, (c) phase-a grid voltage, vga, three-phase grid currents, iga, igb and
igc, (d) phase-a grid voltage, vga, phase-a CCVSI current, iCa, phase-a grid current,
iga, phase-a load current, iLa, (e) phase-a grid voltage, vga, phase-a CCVSI current,
iCa, DC link lower capacitor current, in, phase-c CCVSI current, iCc, (f) DC link
voltage, Vdc, DC link upper split capacitor voltage, Vdcp at grid power command,
Pg = 0 W and Qg = 0 V ar with non-linear load with PL = 65 W with b-4
topology of inverter and Vp = 46.2 V and Vn = 9.25 V .
Chapter 8 . Four-switch based three-phase inverter application 196
Figure 8.7: Experimental results of (a) phase-s grid voltage, vga, three-phase CCVSI
currents, iCa, iCb and iCc, (b) phase-a grid voltage, vga, three-phase grid currents,
iga, igb and igc, (c) phase-a grid voltage, vga, phase-a CCVSI current, iCa, phase-a
grid current, iga, phase-a load current, iLa, (d) phase-a grid voltage, vga, phase-a
CCVSI current, iCa, DC link lower capacitor current, in, phase-c CCVSI current,
iCc, (e) DC link voltage, Vdc, DC link upper split capacitor voltage, Vdcp at grid
power command, Pg = 60W and Qg = 0V ar with non-linear load with PL = 65W
with b-4 topology of inverter and Vp = 46.2 V and Vn = 9.25 V .
Figure 8.7 shows the experimental results with the issuance of grid power
command to be Pg = 60 W and Qg = 0 V ar. It can be seen from Figure 8.7(b)
that, the grid currents, iga, igb, igc are purely sinusoid, even in the presence of the
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non-linear load currents as can be seen from Figure 8.6(a) and 8.7(c). The CCVSI
currents for the three phases, iCa, iCb, iCc can be seen from Figure 8.7(a) under this
operating condition. The DC link mid-point voltage fluctuation can be confirmed
from Figure 8.7(e) as the voltage of the upper split capacitor vdcp is oscillating
due to the non-linear AC split capacitor current, in (according to (8.28)) as can
be seen from Figure 8.7(e). However, the DC link mid-point fluctuation has no
effect on the CCVSI current tracking. From Figure 8.7(b), it can be observed that,
iga has a peak value of about 0.72 A and both igb and igc has peak values about
1A. The phase relations of different grid currents are shown in Figure 8.7(b). The
actual power drawn from the grid can be recalculated (by considering fundamental

















8.5.2 Experimental results to show the operation of the b-
4 topology based three-phase inverter sinking power
to grid
Afterwards, the b-4 topology based three-phase grid connected CCVSI is tested
with sinking power to grid in the absence of any load at the PCC. The schematic
of the power circuit configuration is shown in Figure 8.8.
The grid voltage is again considered to have 20% negative sequence but with-
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Figure 8.8: Details of the power circuit of the experiment using b-4 inverter struc-
ture with active power sinking to grid.
out any harmonics as:
vga(t) = Vp cos(θ) + Vn cos(θ)
vgb(t) = Vp cos(θ − 2pi
3




vgc(t) = Vp cos(θ +
2pi
3




The fundamental of grid voltage has positive sequence peak magnitude is about
Vp = 46.2 V and negative sequence peak magnitude is about Vn = 9.25 V and
for phase-a the positive sequence and negative sequence voltage align on the same
phase (total RMS of phase-a voltage is 42.2 V and that of phase-b and phase-c is
32.3V ). Because of the absence of peaky CCVSI current (less di
dt
due to the absence
of non-linear load at PCC), the DC link voltage is reduced to vdc = 200 V . The
experimental results are shown in Figure 8.9. The three-phase grid voltages are
shown in Figure 8.9(a).
It can be seen from Figure 8.9(b), that grid current of phase-a (in this
case CCVSI current is negative of grid current as can be explained from Figure
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Figure 8.9: Experimental results of (a) the grid phase voltages, vga, vgb, vgc, (b)
Phase-a grid voltage, vga, three-phase CCVSI currents, iCa, iCb, iCc, (c) phase-a
grid voltage, vga, phase-a CCVSI current, iCa, DC link split capacitor current, in,
phase-c current of CCVSI, iCc, (d) DC link voltage, vdc and upper DC link split
capacitor voltage, vpdc, with grid power command, Pg = −200W and Qg = 0V ar
with non-linear load with PL = 0 with b-4 topology of inverter and Vp = 46.2 V
and Vn = 9.25 V .
8.8) assumes the peak value of about 2.2 A and phase-b and phase-c assume the
peak value about 3.1 A each with proper relative phase relations. Hence, the ac-
tive power fed back to the grid can be recalculated (by considering fundamental
















' −200 W It can be noted from Figure 8.9(c)
that, the DC link split current, in is sinusoidal because of the sinusoidal nature
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of CCVSI phase-c current, iCc (according to (8.28)). This results in the DC link
split capacitor voltage, vpdc to have 50 Hz ripple as can be confirmed with Fig-
ure 8.9(d). However, the resulted sinusoidal DC link mid-point oscillation is also
eliminated from the current tracking performance of the CCVSI by the Spatial
Repetitive Controller action.
8.5.3 Experimental results to show the effect of the control
system on the DC link split capacitor unbalance for
the b-4 topology based three-phase inverter
The experimental studies are further extended to investigate the effect of the asym-
metrical DC link capacitor splitting on the circuit. The DC link capacitors are split
with C1dc = 360 µF and C2dc = 180 µF . Different current waveforms under this
condition are shown in Figure 8.10. If the grid current waveforms in Figure 8.10(a)
and 8.9(b) are compared, it can be concluded that, the capacitor unbalance has no
effect on the CCVSI current tracking. However, it can be noted, that due to asym-
metrical capacitor splitting, the split capacitor currents ip and in are asymmetrical
as can be seen from Figures 8.10(b)-(c).
The transient of DC link mid-point voltage for the proposed control strategy
on the symmetrical DC link split cap b-4 topology based three-phase grid connected
inverter is shown in Figure 8.11.
It can be seen from Figure 8.11(a) that, before, the inverter is connected to
the DC link and the controller is ON, the vdcp is about 66 V (6= 100 V) as can
be predicted from (8.23). It can also be noted that as soon as the inverter is
connected with the proposed control strategy, vdcp mean value settles at 100 V ,
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Figure 8.10: Experimental results of (a) Phase-a grid voltage, vga, three-phase
CCVSI currents, iCa, iCb, iCc, (b) phase-a grid voltage, vga, phase-a CCVSI current,
iCa, DC link split capacitor current, in, phase-c current of CCVSI, iCc, (c) phase-a
grid voltage, vga, phase-a CCVSI current, iCa, DC link split capacitor current, ip,
phase-c current of CCVSI, iCc , with grid power command, Pg = −200 W and
Qg = 0 V ar with non-linear load with PL = 0 with b-4 topology of inverter and
Vp = 46.2 V and Vn = 9.25 V .
which is as expected from the discussion from (8.25). However, the voltage vdcp
contains a 50Hz harmonics as can be seen from Figure 8.11(b)-(c) due to the reason
explained before (according to (8.28)). Another important observation from Figure
8.11(c) is that, the DC link voltage, vdc gets contaminated with 50 Hz ripple due
to the asymmetrical current splitting in ip and in as the difference of the two
currents flows through the DC link capacitor of the DC power supply. However,
the 50Hz voltage ripple in the DC link voltage, vdc also has no effect on the CCVSI
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Figure 8.11: Experimental results of (a) transient DC link voltage, vdc (in DC
coupling), DC link split capacitor voltage, vdcp, with grid power command, (b)
zoomed DC link voltage, vdc (in DC coupling), DC link split capacitor voltage, vdcp,
with grid power command, (c) b) zoomed DC link voltage, vdc (in AC coupling),
DC link split capacitor voltage, vdcp, with grid power command Pg = −200W and
Qg = 0 V ar with non-linear load with PL = 0 with b-4 topology of inverter and
Vp = 46.2V and Vn = 9.25V : (a) time scale: 5s/div, (b)-(c) time scale: 5ms/div.
current tracking as the DC link ripple is also taken care of by the Spatial Repetitive
Controller as one of the periodic disturbances. During the time, when inverter is
connected but controller is switched off, vdcp increases slowly due to leakage current
through the isolator switch. It can be noted that, no such DC link voltage ripples
is seen in Figures 8.9(d) as in that case, Cdc1 ' Cdc2 resulting in symmetrical
current splitting in in and ip causing no current AC current flow though the DC
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power supply DC link capacitor.
8.6 Summary
In this chapter, application of four power semiconductor switch based three-phase
inverter (b-4 topology) is proposed for renewable energy based generalized three-
phase micro-grid interconnection. The proposed topology reduces the cost of the
overall hardware of the inverter system as well as optimizes the hardware con-
figuration of the grid connected renewable energy based three-phase inverter. A
simple Sine PWM (SPWM) is used to control the switching of the four switches
with the help of Lyapunov function based current controller to control the three-
phase currents of the inverter directly in the a-b-c frame. The current control of
the inverter ensures proper active and reactive power flow from the grid along with
grid current THD control in the presence of the non-linear load at the grid. The
DC link mid-point voltage oscillation is eliminated by the proposed technique us-
ing Spatial Repetitive Controller. The proposed method described is not only quite
simple with respect to the conventional four switch space vector modulations of
the b-4 topology inverter but also needs no extra voltage or current sensors unlike
conventional systems [111]-[113]. The proposed method is also tested to balance
the voltage splitting of the DC link even in the case of asymmetry in DC link split
capacitors. Experimental results are provided to support different phenomena of
the b-4 three-phase inverter hardware topology.
Chapter 9
Conclusions and Future Work
This Chapter concludes the thesis. It briefly relates the motivation behind the
thesis work, the identified problem areas and the various findings in each problem
area. Finally, it discusses the direction of future research in this regard.
9.1 Conclusions
This thesis covers work carried out on the development of high-performance con-
trol schemes for renewable energy based inverters connecting to micro-grid systems.
The grid connected renewable energy source based inverters are very common these
days for its robustness and mass production for both single-phase and three-phase
applications. However, the inverter operation sufferers from high-performance
power quality control because of different types of disturbances in the micro-grid
voltages as well as different non-linear current present in the system. Therefore,
investigation of high-performance control schemes in such application is a necessary
aspect of research to operate different inverters in the micro-grid under different
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unbalanced as well as distorted conditions. With the availability of affordable and
powerful digital signal processors, it has become possible to use advanced non-linear
control techniques to improve the performance of the inverter operation. There are
numerous papers published on micro-grid connected inverter control and it would
be impossible to cover all of them. However, a thorough review of various control
techniques for grid connected inverters had been carried out in this thesis work.
Chapter 1, attempts to discuss the state-of-the-art for the renewable energy
source based inverter as well as micro-grid research. The problems of interconnec-
tion of renewable energy source based inverter to the generalized micro-grid system
have been identified. A detailed discussions are carried out to describe the pros and
cons of the available control schemes of renewable energy source based inverters
connected to generalized grid system. Therefore, solving those problems have been
the focus of this thesis.
It is essential to have a good understanding of the plant before designing
a high-performance controller. A detailed state-space modeling of a traditional
single-phase parallel connected renewable energy source based inverter is carried
out in Chapter 2. A single-phase p-q theory based method is also discussed to find
the current reference of the inverter in the presence of a typical non-linear load at
the point of common coupling with the common AC bus. The current reference
is derived in such a way that the inverter operation ensures a specific amount of
active and reactive power flow from the common AC bus with THD control of the
current drawn from the common AC bus. This ensures the total load power is
shared by the active power drawn from the common AC bus (also referred as grid)
and the renewable energy sources based inverter to ensure savings of electric power
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consumption by the load from the common AC bus in the micro-grid. The proposed
current reference generation method ensures the single inverter to transfer active
power from renewable energy source to common AC bus as well as to work as the
power factor correction circuit.
The current reference of the parallel connected inverter is a typical non-
sinusoidal periodic shape in the presence of the non-linear load at the point of
common coupling. The tracking of such current in the actual inverter phase is dis-
cussed in Chapter 3. A Lyapunov function (LF) based non-linear current controller
is investigated to track such arbitrary shape of current. A Spatial Repetitive Con-
troller (SRC) based grid voltage and other uncertain periodic disturbances (such as
inverter voltage drop due to blanking time etc.) estimator is also proposed to im-
provise the performance of the tracking further. Experimental results are provided
to show the efficacy of the proposed system to control the active as well as reactive
power flow from the grid along with the THD control of the grid current. It is also
highlighted that the performance of high band-width power command changeover
is also possible by the proposed method of control scheme. The implementation
of the proposed controller is also shown to be much simpler with respect to the
traditional multiple PI+Resonent controller structure.
If the common AC bus in the micro-grid has voltage disturbances such as sag
or swell or harmonic disturbances, the load connected at the PCC has to sustain
such problems in the voltage, which might damage the loads like slow poisoning.
A single-phase series connected inverter topology is proposed and described in
Chapter 4. The inverter is placed in series with the load and the grid. So, the
inverter voltage is controlled in such a way that, the load voltage is regulated to
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its nominal value in the presence of voltage disturbances at the grid with specific
amount of active power flow from the renewable energy source based inverter to
the load as well as grid. So, load power consumption also can be reduced leading
to power savings. It is also shown that the series inverter along with the proposed
control scheme has the capability to maintain leading grid power factor even at the
presence of lagging power factor load.
The load voltage regulation as well as active power control is achieved by
finding suitable load voltage references with nominal magnitude as specific relative
phase with the grid voltage by the single-phase series inverter. Chapter 5 describes
the controllers to enable such load voltage tracking. A SRC is proposed in this
chapter to take care of the load voltage regulation under varied grid voltage dis-
turbances along with sudden frequency change. A spatial sampled modeling of the
whole inverter system is also provided to facilitate the design of such controller. A
LF based controller is also designed to track different shape of load voltages. Ex-
perimental results are provided to show the efficacy of both the type of controllers
under different operating conditions. A comparative study of the response time of
the two type of controllers are also carried out for series inverter application with
adequate support from the experimental verifications.
Chapter 6 describes a state-space modeling of a generalized three-phase grid
connected renewable energy source based inverter. The modeling takes care of not
only unbalance, disturbances in the grid voltages but also the unbalance in the
inverter connecting line side inductances as well as other components. A LF based
current controller is also proposed in this Chapter to control the currents of the
inverter directly in the a-b-c frame. The proposed control method is applicable for
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any arbitrary shape of current tracking. The controller is simpler to implement as
it does not resolve the whole system in the +ve and -ve sequence rotating compo-
nents unlike the conventional PI+resonant controller implementation without the
help of dual rotating PARK’s transformation. The controller controls the inverter
currents in such a way that a specific amount of active as well as reactive power
flow can be controlled along with the THD control of the grid currents under the
presence of typical non-linear loads at the PCC. Adequate experimental results
are provided to show the efficacy of the proposed control system under different
operating conditions.
Chapter 7 describes different methods of deriving the current references of
a multi-phase generalized grid parallel connected renewable energy source based
inverter in the presence of non-linear load at the PCC. Two different methods are
compared such as: p-q theory based approach and FBD theory based approach.
A novel method of implementing the p-q theory based approach directly in the
a-b-c frame is proposed. The proposed method utilizes a novel Complex Notch
Filter (CNF) based approach to extract +ve and +ve sequence grid voltage space
vector component in the presence of grid voltage harmonics as well as frequency
variation directly in the a-b-c frame. The dual rotating Park’s transformation is
not needed in this system. Traditional PLLs are also not needed in the method
of implementation. A novel method is also proposed to estimate the fundamental
positive sequence grid phase. A position sampled FBD method is also proposed to
calculate the current references of the inverter phase currents in the a-b-c frame.
The effect of both these methods on the DC link side ripples are also investigated
using the instantaneous power theory. Both the methods are verified with adequate
experimental findings and the ripple manifestation aspect of each method are also
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investigated experimentally on a typical three-phase generalized grid voltage sys-
tem.
In the Chapter 6 and 7, the three-phase renewable energy source based in-
verters are considered to be traditional six switch b-6 topology based inverters. In
Chapter 8, a four-switch based three-phase inverter (b-4 topology) is proposed for
generalized grid connected renewable energy source application. The system also
considers the presence of non-linear load at the PCC. The well known problems of
the b-4 inverter topology, such as DC link mid-point voltage oscillation as well as
DC link capacitor asymmetrical splitting, are solved by a proposed combination of
LF based current controller and SRC applied with simple Sine PWM based inverter
switching directly in the a-b-c frame. The proposed method is much simpler to
implement with respect to traditional four-switch space vector PWM not only from
accuracy point of view but also the due to the reason that the proposed method
does not need any extra current or voltage sensors for inverter current tracking
unlike the traditional system. Adequate experimental results are provided to show
the efficacy of the proposed control system for b-4 inverter current tracking under
unbalanced and distorted grid voltages, presence of non-linear load at PCC, huge
unbalance of DC link split capacitors etc. The proposed control system makes it
possible to control the active and reactive power flow from the grid along with
controlling the THD of the current drawn from the grid by the same inverter.
In all, the main objectives as laid out Chapter 1 of this thesis have been
achieved. The findings of this work have been published in international technical
conferences and journals for the benefit of the future researches and renewable en-
ergy source users. The work is protected by Intellectual Property rights by different
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US Provisional Patents. A list of the patents and publications form this thesis work
is provided.
9.2 Future Work
The thesis work primarily focuses on the high-performance controller development
for different single-phase as well as three-phase inverters operating in micro-grid
systems to interface renewable energy source and different non-linear loads. The
author has developed different non-linear controllers to achieve different control
objectives. However, some further works can be undertaken in future to investigate
other aspects of the renewable energy source based inverters connected to micro-
grid systems.
During all the experiments undertaken in this thesis, the common AC bus
(also mentioned as grid) is simulated using single-phase or three-phase programable
AC power supply. The distortions and disturbances in the grid voltage are pro-
grammed in the AC power supply. However, the actual interfacing of the inverters
with real micro-grid is to be carried out to test the commercialization aspect of the
overall system. This process may give rise to some new types of power dynamics
which is not looked into in this thesis work.
In all the experiments, it is assumed that, the DC link voltage of the inverter
is stabilized by the active energy storage elements like ultra-capacitors, battery or
flywheel based system. However, the development of such storage elements and
charging as well as discharging of the storage elements are controlled by the same
inverter or separate inverter/converter assembly. The power electronic converters
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associated with the storage elements may have some power transients during char-
ing or discharging. So, the effect of the dynamics of the energy storage system on
the proposed control schemes can also be investigated.
The operations of the inverters investigated in this thesis work are basically
for a condition when a specific consumer has his/her own load and some renewable
energy based distributed generators. So, the benefits are investigated based on
the consumers interaction with the power grid, which may be the common AC
bus of a specific micro-grid. In brief, the operations are investigated in the grid-
connected mode of the micro-grid operation. Forming the micro-grid with different
distributed generator systems can also be investigated in the stand-alone mode
or islanded mode of operation. Application of high-performance control in the
stabilization of the overall micro-grid voltage magnitude as well as frequency can
also be investigated in future.
The various algorithms have been tested on a rapid-prototyping system with
a high-speed DSP. As it is commercially not feasible to use such an expensive con-
troller for actual micro-grid system, investigations are necessary for commercially
viable, cheaper controllers with similar high-performance. This step is necessary
for commercialization of various findings of thesis work.
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Figure A.1: Photo of the Experimental Setup for the single-phase Series Connected
Inverter.
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Figure A.2: Photo of the Experimental Setup for single-phase parallel Connected
Inverter.
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Figure A.3: Photo of the Experimental Setup for three-phase parallel Connected
Inverter.
Appendix B
2.1 Maximum Power Point operation at the pres-
ence of battery in the inverter DC link
The power circuit of the renewable energy source based inverter shown in Figures
2.1, 4.1 and 6.1. If the renewable energy source is PV, the DC link of a typical
MPPT circuit is shown in Figure B.1 in details. The proposed MPPT in this
report follows the method discussed in [36]. The DC/DC converter used to track
the MPPT is taken as Flyback converter. Flyback converter is chosen to have the
flexibility of both voltage boosting as well as reduction. The transformer isolation
in Flyback converter also helps to electrically isolate the grid side and the PV panel
Figure B.1: Interconnection of PV panel with Inverter DC link.
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side. The reverse diode of the flyback converter also prevents the reverse current
flow to the PV panel in the night time when the SUN insolation becomes very
low. The Flyback converter operates in continuous conduction mode (CCM)[128].
This makes the Flyback converter current less peaky reducing the current rating of
the power devices. As mentioned in [36], the MPP voltage of the PV panel under
the specific operating condition is found out by the information of the short circuit
current and the open circuit voltage. The short circuit current and the open circuit
voltage of a PV panel under any operating condition is found out by making the
IGBT of the Flyback converter ON and OFF respectively for certain amount of
time. This process is repeated in a specific time interval (say 1sec), to find the MPP
voltage of the PV panel and the IGBT of the flyback converter is controlled in such
a way that the input voltage of the Flyback converter is tracked to the calculated
MPP voltage value. The primary magnetizing inductance of the transformer of the
Flyback converter is designed in such a way that solar insolation from 1sun to say
0.2sun, the flyback converter operates in CCM. If the duty cycle of the IGBT of
the flyback converter is D, then the relation of the input and output voltage of the



















⇒ vpv = k uc (B.1)






− 1). This results in D = 1
1+uc
. Now, it can
be concluded that, if the Feedback Liberalization Block , 1
1+u
is used as shown in
Figure B.2, simple linear PI controller can be used as the main controller for the
input voltage of the Flyback converter. The control structure shown in Figure B.2
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Figure B.2: MPPT voltage control of the PV panel with battery at the inverter
DC link.
Figure B.3: Input voltage control loop of the Flyback converter with the Feedback
Linearization block.
makes the total system linear, which enables the design of PI controller to control
the input voltage of the flyback converter to the MPP voltage of the PV panel as
shown in Figure B.3. The Kp and Ki can be easily designed to maintain a specific
loop BW for the system shown in Figure B.3.
This thesis is mainly directed towards the development of high-performance
control schemes for the inverters for micro-grid application. Thus, during the con-
troller development analysis, the steady DC link is assumed (at battery terminal)
while transferring a specific amount of active power through the inverter to the
load/grid. However, in actual scenario, if the renewable energy is not enough to
supply this amount of inverter active power reference, the balance active power
comes from the battery storage causing unnecessary drain of the battery energy.
Thus, based on the voltage and current of the battery (using sensors) at each con-
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dition, the inverter power flow need to be decided so that if the renewable energy
based system is unable to support the inverter active power reference, most of the
load active power should be drawn from the grid. The intelligence should be in-
cluded in the controller to make the decision of load power sharing based on battery
capacity.
Appendix C
3.1 DC link voltage control of the PV inverter
at the absence of the storage element in the
DC link
The DC link of the inverter, without the energy storage element (say, battery), can
be modeled as shown in Figure C.1. It can be understood that, pmpp is the output
power of the DC/DC converter (MPP tracker), the pinv is the amount of active
power transferred by the inverter and C is the value of the DC link capacitor. The








= pmpp − pinv
⇒ C vdc dvdc
dt













Uncontrolled input = taken as disturbance and pinv
C
= u = Controlled input.











Figure C.1: DC link of the inverter without energy storage element.
It is required to have a steady DC link voltage, x∗ at a particular instant. So,
the DC link voltage error is defined as e = x∗ − x and the candidate Lyapunov
function is defined as V = 1
2
e2. The first time derivative of the Lyapunov function

























As the time derivative of the DC link voltage reference, dx
∗
dt
, is zero, further modi-
fication of (C.3) is done. The control input is chosen as:
u = − λ e x (C.4)
where, λ is a +ve number. Plugging in (C.4) in (C.3), the modified form as:
dV
dt
= − λ e2 − d e
x
(C.5)
If the steady state absolute error bound is fixed to be eb and the value of λ is
chosen as shown in (C.6), the DC link voltage error always converges to error
always converges to e = eb, making the first time derivative of the Lyapunov
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function to be -ve within the absolute error bound, e = eb.
λ > | d
x e
|max (C.6)





It can be concluded from (C.4) that, if dynamically pinv = −λ C (x∗ − x) x is
controlled, a stabilized DC link voltage can be maintained even at the absence of
any kind of energy storage element(say, battery).
Appendix D
4.1 Experimental setup
o test the feasibility of the proposed topologies and associated control schemes, the
experiments are carried out with single-phase as well as three-phase PWM DC/AC
voltage sources inverters under different loading conditions as well as distorted and
unbalanced operating conditions. The hardware prototype is described here.
Figure D.1: Experimental Setup for single phase testings.
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Figure D.2: Experimental Setup for three phase testings.
Figure D.1 shows the experimental set up for testing the single phase inverter
topologies. The switches S1 and S2 are to do switching between the series and
parallel topology of inverter. When S1 is ON and S2 is OFF, the power circuit
is configured to test parallel topology and when S1 is OFF and S2 is ON, the
power circuit is configured to test series inverter topology. Figure D.2 shows the
experimental set up for testing the three phase inverter topology. The list of special
modules used in the experiment can be listed as:
• Three phase programmable AC power supply (5 kW/400V)
• Digital controller for implementing the control algorithm
• Power converter and driver
• Voltage and current sensors
Appendices 250
• Signal interface board
• Programmable DC power supply
• Load arrangements
The proposed control methodologies as shown in Figure D.1 and D.2 are imple-
mented in the control development platform of dSPACE DSP system (DS1104),
which uses a floating processor MPC8240 as the main processor, a TMS320F240
motion control DSP and ALTERA EPM3064ATC100 FPGA as rapid prototyping
interface. The PC interface of the DSP controller provides an easy development
environment. The DSP controller has eight A/D and D/A channels. For single
phase testing, grid voltage, vg, load voltage, vL, grid current, ig and load current,
iL are measured; whereas for three phase case, phase-a grid voltage, vga and phase-b
grid voltage, vgb, phase-a grid current, iga and phase-b grid current, igb and phase-a
inverter current, iia and phase-b inverter current, iib are measured. All the signals
are scaled and filtered before fed through A/D channels. All the control algorithms
are developed in ‘MATLAB-SIMULINK’ real time implementation (RTI) toolbox
and downloaded in the DSP chip. The IGBT modules in all the experiments are
switched using Sine PWM strategy of 10 kHz switching frequency using the Slave
DSP of the control platform.
4.1.1 Three phase programmable AC power supply
California Instruments 3000Lx is used as the three phase programmable power sup-
ply to make the grid interface for the prototype three phase PWM DC/AC voltage
source converter. By combining a flexible AC power source with a high-end har-
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monic power analyzer, the power supply system is capable of handling applications
that would traditionally have required multiple instruments. With precise out-
put voltage regulation and accuracy, high load drive current, multi or single phase
mode and built-in power analyzer measurement capabilities, this ac source ad-
dresses many application areas for AC power testing. Moreover, it provides sine
and clipped sine waveforms in addition to user defined arbitrary waveforms. Har-
monic waveforms can be used to test for harmonics susceptibility of a unit under
test. To simulate common line disturbance occurrences, this supply offers a list of
transient steps. All these setting can be programmed from the front panel or down-
loaded over the interface using the GUI program supplied. This supply equipped
with IEEE-488 (GPIB) and RS232C remote control interfaces and support SCPI
command language programming.
4.1.2 Digital controller for implementation the control sys-
tem
The dSPACE R&D Controller Board (DS1104) is used for testing the control al-
gorithms. The DSP processor TI TMS320F240 is employed with 10 kHz control
loop sampling rate in the control board. Some of its special features are as follows:
4.1.2.1 Hardware Features
• It is plugged into a PCI slot of a PC.
• It is a complete real-time control system based on a 603 PowerPC floating-
point processor running at 250 MHz
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• Memory
– Global memory: 32 MB SDRAM
– Flash memory: 8 MB
• Timer
– sample rate timer (decrementer): 32-bit down counter, reload by soft-
ware, 40 ns resolution
– 4 general purpose timer: 32-bit down counter, reload by hardware, 80
ns resolution
• Interrupt
– 5 timer interrupts
– 2 incremental encoder index line interrupts
• ADC
– 4 multiplexed channels equipped with one 16-bit sample & hold ADC,
10 V input voltage range, 2 ms conversion time
– 4 channels each equipped with one 12-bit sample & hold ADC, 10 V
input voltage range, 800 ns conversion time
• DAC
– Eight 16-bit resolution, 10 V output voltage range, 5 mA maximum
output current Max. 10 ms settling time
• Digital I/O
– 20-bit parallel I/O Single bit selectable for input or output 5 mA maxi-
mum output current TTL output/input levels
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• PWM output Texas Instruments TMS320F240 DSP 16-bit fixed-point proces-
sor 20 MHz clock frequency slave DSP subsystem for timing signal generation
– 3-phase PWM output
– 14-bit digital I/O
4.1.2.2 Software Features
ControlDesk is dSPACEs software for carrying out experiments, a graphical user
interface for managing the dSPACE boards. It provides all the functions to con-
trol, monitor and automate experiments and make the development of controllers
more efficient. The dSPACE Real-Time Library, the real-time core software with
a C programming interface or ‘MATLAB-SIMULINK’ real time workshop (RTI)
interface is provided to help access the hardware I/O for implementation of the
controller. Instrumentation offers a variety of virtual instruments to build and
configure virtual instrument panels according the ones needs. Input instruments
allow to change parameter values online. Any set of instruments can be combined
to produce a virtual instrument panel that is specific to the application. In addi-
tion, Instrumentation provides data acquisition instruments from the application
running on the real-time platform.
The control algorithms developed as discussed in this thesis are written in
‘MATLAB SIMULINK’ real time toolbox (RTI) programming environment and is
verified on this experimental platform.
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4.1.3 Power Converter and Driver
The single phase testing of the system (as shown in Figure D.1) is fabricated
with MITSUBISHI Intelligent Power Modules (IPM) PM150DSA120. Each of the
IPM contains two IGBTs making one leg of the inverter. The IPM IGBT can
sustain maximum voltage of VCES about 800V and the collector current, IC about
150 A. The switching frequency of the IPM can reach to about 20 kHz. Each
IPM needs a 15 V isolated DC power supply to operate the driving and switching
signal processing. For parallel inverter topology, the inverter is interfaced with the
grid using a line side inductance of about 6mH inductance. In the series inverter
topology, the inverter is followed by a L-C filter with the parameters as: value of
filter inductor, Lf = 10mH, value of filter capacitor, Cf = 3.3 µF , filter current
limiting resistance, Rf = 10 Ω.
The power converter of Figure D.2, is a three phase PWM DC/AC voltage
source converter, comprises a three phase IGBT bridge with three 5.5mH line side
smooth inductances in series. The details of the converter modules for three phase
setup is described below.
SEMITRANS Standard IGBT modules SKM 22GD123D has been adopted
as the three phase IGBT bridge. This IGBT module is suitable for switched mode
power supplies, three phase inverters for AC motor speed control and general power
switching applications. The pulse frequencies can reach above 15 kHz. The maxi-
mum voltage VCES is 1200 V and the maximum collect current IC is 25 A.
SEMIDRIVER SKHI 61 sixpack IGBT and MOSFET driver module has been
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used as the three phase IGBT bridge drive. The driver module has hybrid com-
ponents which may directly be mounted to the PCB. Devices for driving, voltage
supply, error monitoring and potential separation are integrated in the driver. The
forward voltage of the IGBT is detected by an integrated short-circuit protection,
which will turn off the module when a certain threshold voltage is exceeded. In
case of short-circuit or too low supply voltage the integrated error memory is set
and an error signal is generated. The driver is connected to a controlled +15V
supply voltage. The input signal level is 0/5V . Additionally a digitally adjustable
interlocking time is generated by the driver, which has to be longer than the turnoff
delay time of the IGBT. The connections in between the driver board and the IGBT
module are made by wires of twisted pairs.
4.1.4 Voltage and current sensors
Different voltage and current sensors are used to measure different voltage and
current quantities of the circuit as mentioned previously. The multi-range (10-
500V) LEM Module LV 25-P voltage transducers are employed. The conversion
ratio is 2500 : 1000. The resistor on the primary side is 60 kΩ and the secondary
300 Ω resistor is connected to convert the sensed current signal into an equivalent
voltage signal. With the above setting, the calibrated voltage signal is given by
0.0125 V/V . Finally, the circuit board containing the two voltage sensors is put
inside another shielding box to minimize the EMI effect.
Here, multi-range (5-8-12-25A) LEM Module LA 25-NP current transducers
are used. In this application, primary to secondary turns ratio is selected to be
1 : 1000 (thereby the current range becomes 25 A). Across the output, 300 Ω
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resistor is connected to convert the sensed current signal into an equivalent voltage
signal. With the above turns ratio, the calibrated voltage signal is given by 0.3V/A.
Finally, the circuit board containing the two current sensors is put inside another
shielding box to minimize the EMI effect.
4.1.5 Signal interface board
The DSP interfacing circuits consist of filters for different voltages and currents
signals of the experimental circuit. Filters are required for the current and voltage
signals since they generally come from noisy environment and it is necessary to
minimize their noise content before feeding them into DSP for processing. They
also act as anti-aliasing filters for the digital controller. According to ‘Sharons
Sampling Theorem’, the analog input to a digital system should not contain any
frequency component beyond half the sampling frequency of the digital system.
The sensed signals from the line side currents and voltages contain the switching
frequency 10 kHz, so that this switching frequency should be filtered out before
the signals is fed back to digital controller. These two issues determine the cut-off
frequencies for the filters. In the present implementation, second order low-pass
Butterworth filters are used. The cut-off frequencies are chosen to be 1 kHz.
Further, programmable gain amplifiers (PGAs) with a gain of 2 have been used in
the filters to ensure the full load current spans the input range of the the ADC
converters (±10 V ). The outputs of the PGAs are connected to the ADC inputs
of the DSP connector board.
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4.1.6 Programmable DC power supply
AMREL 600 V , 10 A programmable power supply is used as the DC link of the
prototype DC/AC single phase as well as three phase inverter. The DC power
supply provides a precession control of the output voltage in the presence of sudden
load transients as well as other dynamics. The power supply can be programmed
either from the front panel nobs or remote control interfaces such as RS-232 and
GPIB IEEE-488.
4.1.7 Load arrangements
Different types of electrical loads are used for the experiments during different
phases of the overall verification. During the experiment of single phase parallel
connected inverter, a single phase full diode bridge rectifier with capacitor termina-
tion is used as a load connected in parallel with the grid interface. The parameters
of the rectifier can be expressed as: Rectifier DC side capacitor, CL = 2200 µF
and Rectifier DC side resistance, RL = 140 Ω.
For, single phase series connected inverter testing, an R − L combination
is used as a load with the parameters as: Load resistance, R = 150 Ω, Load
inductance, L = 0.1H.
During the experimental study with the three phase inverter, a three phase
full bridge diode rectifier with capacitor termination is used as the non-linear load
connected at the three phase grid parallel interface. The parameters of the rectifier
load can be mentioned as: Rectifier DC side capacitor, CL = 3300 µF and the
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Rectifier DC side resistance, RL = 100 Ω.
Appendix E
5.1 Using modified single-phase p-q theory
It can be noted from (2.8) that, if the active power Pg and the reactive power
Qg are known, the grid current reference value can be easily solved by using the
conventional single phase p-q theory. Now, if the micro-grid scenario is considered,
the grid voltage, vgr, can be contaminated by harmonics. From the THD point
of view, ideally the grid current, igr, should only contain fundamental frequency
component. Now, it can be understood from (2.8) that, if real and imaginary grid
voltages, vgr and vgi contain harmonics and the real and imaginary grid currents,
igr and igi contain only fundamental component, the expression of P and Q both
have a DC component and harmonic power components. On the other hand, the
reference active power, Pg and the reactive power, Qg are DC components of the
actual grid power (as harmonic power magnitude can not be referred). So, if the
only DC values of Pg and Qg are used in (2.8) with grid voltage expression full of
harmonics, the solution for grid current contains harmonics and the grid current
becomes rich in harmonics.
To solve this harmonic power issues, a modified current expression is used to
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find the current reference of the parallel CCVSI. It is considered that the real axis
grid voltage, vgr contains fundamental component, vgr,f and the harmonic compo-
nent, vgr,h. Similarly, the imaginary axis grid voltage, vgi contains fundamental
component, vgi,f and the harmonic component, vgi,h. The real axis grid current
contains only the fundamental component, igr = igr,f and similarly, the imaginary
axis grid current contains only the fundamental component, igi = igi,f . Now, from
(2.7), the active and reactive power are separately written as:
2 P = (vgr igr + vgi igi)
= (vgr,f + vgr,h) igr,f + (vgi,f + vgi,h) igi,f
= (vgr,f igr,f + vgi,f igi,f ) + (vgr,h igr,f + vgi,h igi,f )
= Pdc + Ph (E.1)
2Q = (vgi igr − vgr igi)
= (vgi,f + vgi,h) igr,f − (vgr,f + vgr,h) igi,f
= (vgi,f igr,f − vgr,f igi,f ) + (vgi,h igr,f − vgr,h igi,f )
= Qdc +Qh (E.2)
where Pdc and Qdc are the total DC active and DC reactive power respectively,
supplied from the complex grid. On the other hand Ph and Qh are the total har-
monic active and harmonic reactive power respectively, supplied from the complex
grid.








Figure E.1: Algorithm to find out the instantaneous current reference of the parallel
CCVSI to ensure proper active and reactive grid power flow with grid current THD
as low as possible under distorted grid voltage condition






































It is mentioned before that the grid current only contains fundamental component.
So, it can be written that igr = igr,f and igi = igi,f . The fundamental component
of any electrical quantity of imaginary axis can be found out by passing the fun-
damental component of the corresponding electrical quantity of real axis through
the Hilbert transformation filter as shown in (2.4). The fundamental component of
grid voltage, vgr,f can be found by passing the actual grid voltage, vgr through the
notch filter tuned to the fundamental frequency. So, the real grid current reference
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can be found from (E.3) and is shown in (E.4).
i∗g = igr,f =





Following the same logic followed in (2.10), the modified expression of the parallel
CCVSI current can be found using the expression shown as:
i∗c = iL −





The implementation of the algorithm to find out the instantaneous current reference
for the parallel CCVSI current reference discussed in this section is shown in Figure
E.1.
Appendix F
6.1 Control strategies for series inverter to pump
active power to grid and charging DC link
battery
6.1.1 Control strategy of the inverter to feed power to the
grid
If the operation of the inverter shown in Figure 4.1 is considered at the off-peak
time the scenario is little different than the condition mentioned in previous section.
The renewable energy source operates in MPPT and if the battery is considered to
be totally charged, then the full MPP power needs to be transferred to the AC side.
Now, if the load power requirement is less than the MPPT power at the off-peak
time (PL < Pmpp), the rest of the power (Pre = Pmpp−PL) needs to be fed to the
grid. Such a condition is considered in the phasor relation shown in Figure F.1. It
can be noted from Figure F.1 that, the load voltage phasor, VL, is forced to have
a leading phase relation with the grid voltage phasor. Vg, in such a way that the
grid phase angle, γ, is more than 900. This ensures a negative power flow to the
grid unlike the condition as mentioned previously. It can be noted that, the load
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Figure F.1: Phasors diagram of the inverter quantities when Pg = −ve
voltage, VL is also regulated irrespective of the grid voltage condition.
6.1.2 Control strategy of the inverter to store the power
from the grid in the DC link battery
If renewable energy source is absent for a long period of time and if there is a
chance that the grid may be absent for some days due to intermittent grid failure,
then it is desirable to charge the DC link battery by taking extra energy from the
grid along with supplying rated voltage across the load. This stored energy can be
used by the load during intermittent grid failure. It can be understood that dur-
ing this operating condition the renewable energy source along with its associated
converter is disconnected from the DC link due to safety reason. The simplified
structure of the power circuit of the series inverter when operating in rectifier mode
is shown in Figure F.2. The inverter output voltage phasor, Vi, is adjusted in such
a way that, inverter takes in the power to the DC link side. The phasor diagram
of the different variables are shown in Figure F.3. It can be noted from Figure F.3
that, to utilize the grid maximally, the grid power factor, γ is maintained at 00
(Vg and Ig are in phase). It can also be noticed that, the phase angel relation of
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Figure F.2: Simplified power circuit of the series inverter operating in rectifier
mode to charge the DC link battery
grid current, Ig and the inverter output voltage, Vi is maintained more than 90
0 to
ensure rectifier mode of operation of the PV inverter.
As the grid and the load are placed in series, the load current can be written
as:
IL = Ig =
| VL |
| Z | (F.1)
Figure F.3: Phasors diagram of the phasor quantities when inverter is working as
rectifier to store grid power in DC link storage battery
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The power drawn from the grid, Pg, is expressed as:
Pg = | Vg | ×| VL || Z | × cos(γ = 0) (F.2)
The power consumed by the load is expressed as:
PL =
| VL |2
| Z | × cos(θ) (F.3)




| Vg | ×| VL || Z | −
| VL |2
| Z | × cos(θ)
]
(F.4)
It can be understood from (F.4) that the regeneration of grid power is possible only
if the condition shown in (F.5), is satisfied.
Pbat ≥ 0
⇒ | Vg | ≥ | VL | cos(θ) (F.5)
6.1.2.1 Charging battery when there is voltage sag in grid
Say, the amount of sag in grid voltage from nominal voltage is ‘x′. The load voltage
will be maintained at nominal value, | VL |. Then the grid voltage magnitude can
be expressed as | Vg | = | VL | − x. Now using (F.5), the modified condition for
regeneration can be expressed as:
| VL | − x ≥ | VL | cos(θ)
⇒ x ≤ | VL | (1 − cos(θ))






It can be understood from (F.6) and Figure F.3 that, the control strategy is main-
tained in such a way that the grid power regeneration to the DC link battery is
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possible along with maintaining rated load voltage under some grid voltage sag
condition also.
6.1.2.2 Charging the battery when there is voltage swell as well as
normal condition of grid
It can be easily understood that if there is a voltage swell in the grid or grid voltage
is at normal condition, the condition mentioned in (F.5) is satisfied. Therefore, it
is always possible to transfer the grid energy into the DC link battery along with
maintaining the rated load voltage, in the case of grid voltage swell or the grid
voltage is maintained at normal condition.
Appendix G
7.1 Designing Lyapunov function based controller
for series inverter
7.1.1 Deriving the state-space representation of the series
inverter
The circuit shown in Figure 4.2 can be seen to have two energy storage element
(filter capacitor, Cf and filter inductor, Lf ). Two basic governing voltage-current
equations for the circuit shown in Figure G.1 are used to find out the state-space
equation of the overall series converter. The filter capacitor, Cf , voltage-current












= vinv − vcap (G.2)
Due to the series connection of the inverter, grid and load, the (G.3) is also valid
for this scenario.
vL = vcap + vg (G.3)
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Figure G.1: Simplified representation of the power circuit of the series connected
inverter













= vinv − vL + vg (G.4)






(G.4), the state equation of the inverter can be written as:
dx1
dt




where, a1 = − 1RCf , a2 = − 1LfCf , b = 1LfCf , control input u = vinv and





vg. Now, two state errors are defined as
e2 = x
∗
2 − x2 = e and e1 = x∗1 − x1 = dedt and where x∗1, x∗2 are the reference
values of the states x1 and x2 respectively.
7.1.2 Designing the Lyapunov function based controller
The aim of the control action is such that, the errors converge to the sliding surface
σ(e) = c1e1 + c2e2 = c1
de
dt
+ c2e, where c1 and c2 are two user chosen +ve














It can be noted from (G.6) that, the chosen Lyapunov function is Positive definite
anywhere in the error plane (error state plane where e1 and e2 moves around),
except on the sliding surface σ(e) = 0.
The first time derivative of the Lyapunov function becomes:
dV
dt







7.1.2.1 Considering the case of d = 0 and the values of the parameters
of the system are known perfectly
Using (G.5) with d = 0 and definitions of e1 and e2 in (G.7), the modified derivative
of Lyapunov function is shown as:
dV
dt










+ (c1e1 + c2e2) [−(c1a1 + c2)x1 − c1a2x2 − c1bu]
The goal of the control action is to converge the error dynamics to the sliding
surface. Now, according to the classical definition of sliding mode control, for
the convergence criterion, the first time derivative of the Lyapunov function should
contain a term of absolute value of the sliding surface [124]. Following the definition,
the first time derivative of Lyapunov function considered in this report is :
dV
dt
= −λ(c1e1 + c2e2)2 − α|(c1e1 + c2e2)| (G.9)
where, both λ and α need to be positive numbers. Equating (G.8) and (G.9), the





















where Sgn(σ(e)) is the switching function over the sliding surface variable.
It can be observed from (G.9) that, the selected control input, works in such
a way that the first time derivative of Lyapunov function (as shown in (G.9) is
negative definite any where in the error plane (error state plane where e1 and e2
moves around), except on the sliding surface σ(e) = 0. Thus it can also be
concluded, from the (G.9) and (G.10) that, the control input selected in (G.10)
forces, the errors (e2 = e and e1 =
de
dt
) to slide to the sliding surface.
7.1.2.2 Considering the presence of disturbance d 6= 0 with parameter
uncertainty of the system
Putting the (G.5) in (G.7), the equation can be rewritten as:
dV
dt









+ (c1e1 + c2e2) [−(c1a1 + c2)x1 − c1a2x2]
+ (c1e1 + c2e2) [−c1bu − c1d] (G.11)
Considering the case where, the actual parameters of the system (a1, a2 and b etc)
are not known. It is also considered that the estimated values of the parameters
of the systems are â1, â2 and b̂. In this case the control input equation shown in





















Using the input, u as defined in (G.12) in (G.11), the first derivative of the Lyapunov













































− (c1e1 + c2e2)D(e1, e2, x1, x2, d) (G.14)
























It can be understood from (G.14) that dV
dt
can be made -ve definite outside the













where | D |max is the maximum possible absolute value of the expressionD(e1, e2, x1, x2, d)
shown in (G.14).
7.1.2.3 Finite time reaching property of the Lyapunov function based
sliding mode control action
Considering the condition that the parameters of the system are known and the
system does not have any disturbance, i.e. d = 0 with the initial condition of the
phase plane σ0 > 0, the dynamics of the arbitrary sliding surface, σ(e) = c1e1 +c2e2
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can be written as (using (G.6) and (G.8)):
dσ(e)
dt
= −λ σ(e) − α (G.16)
Solving the differential equation in (G.16), the expression of the sliding surface σ(e)





1 − e−λt) (G.17)
Solving (G.17) algebraically to find the time taken, tσ by the system to reach the











It can be remarked that for any set of positive values of λ and α, the time tσ is a
finite value. So, it can be concluded from this discussions that, for a typical power
electronic system if λ is made much higher than α, finite time reaching can be
ensured with additional advantage of chattering free sliding mode control.
7.1.2.4 Steady state equation of the states of the system
The steady state error dynamics can be represented by the equation of the sliding
surface as shown as:
σ(e) = c1e1 + c2e2 = σb (G.19)
Using the state relation e2 = e and
de2
dt
= e1, the sliding surface dynamic equation




+ c2e = σb (G.20)
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Solving the differential equation, (G.20) for e, the error transient on the sliding

















where e(0) is the initial value of the error e(t), when the error dynamics σ(e) reaches
the sliding surface σ(e) = σb. It can be understood from (G.21) that, if σb = 0
(which is the case when there is no parameter uncertainty as well as d = 0) , at
t → ∞, e(t) → 0. It can be concluded that, λ should be selected in such a way
that σb is sufficiently near to zero as decided by the (G.15) to ensure proper load
voltage tracking.
It can also be noted from (G.21) that, the constants c1 and c2 control the time
taken by the error e to go to zero. So, c1 and c2 need to be selected in such a way
that, the mentioned time to reach steady state, can be controlled accordingly.
7.2 Experimental results of the proposed series
inverter system with Lyapunov function based
controller operation
It is mentioned in Chapter 4 that if the load voltage needs to be maintained is VL
(rms) at the grid voltage, Vg (rms) and the power flow through the inverter is to
be maintained is Pinv, the power angle between the grid current(which is also load
current) and grid voltage is γ (the details of the phase relations are also depicted






It is also analyzed before that, the load voltage rms phasor VL has to lead grid
voltage rms phasor Vg by an angle γ + θ, where θ is the power factor angle and
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Figure G.2: Schematic of the digital implementation of the Lyapunov function
based controller
γ is the grid power angle as also depicted in Figure 4.2(b). However, in this case,
the focus is on the load voltage tracking process for the series inverter.
To test the feasibility of the proposed Lyapunov function based controller
for the load voltage tracking capability of the series inverter, the controller is im-
plemented in dSPACE ds1104 based system and tested in a voltage scale down
version of the actual series inverter system. The control system implementation
diagram is shown in Figure G.2.
7.2.1 Testing of the tracking capability of the Lyapunov
function based controller in the basic power circuit
without disturbance
Initially, the power circuit is made without the presence of grid and different load
voltages are tracked with the proposed Lyapunov function based controller as shown
in Figures G.3 and G.4. The parameters of the power circuit considered in this
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Figure G.3: Experimental waveforms of load voltage error v∗L − vL, load voltage vL,
SPWM control signal vC and inverter current ii to show the dynamics of Lyapunov
function based controller to track v∗L(t) = 20 Sin(2pi50t)
report are: value of filter inductor, Lf = 6 mH, value of the filter capacitor,
Cf = 1 µF , load resistance, R = 100 Ω. The DC link voltage is maintained at
Vdc = 50 V . By putting all the values of a1, a2, b and c1 = 1 , c2 = g, in the
G.10, the final form of control input is shown as








Lf (−g RCf + 1)
R
x1 + x2
vinv = Vdc × vc (G.23)
where, vc is the control signal of the SPWM process [128] to be used to run the
inverter. The implementation schematic of this Lyapunov function based controller
is shown in Figure G.2. To reduce the switching in the control signal the switching
function in the control input ( (G.23)) is reduced to zero by making α = 0 and
Appendices 277
Figure G.4: Experimental waveforms of load voltage error v∗L − vL, load voltage vL,
SPWM control signal vC and inverter current ii to show the dynamics of Lyapunov
function based controller to track v∗L(t) = 20 Sin(2pi50t) + 10 Sin(2pi150t)
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the other parameters are considered as : λ = 106, g = 5000 and the error bound
σb = 0.01 in the proposed experiment. The SPWM switching frequency as well as
sampling frequency of the control system are taken as 10 kHz.
Figure G.3 shows the experimental results of load voltage error e = v∗L − vL,
load voltage vL, SPWM control signal vC and the inverter current ii to track the
load voltage v∗L(t) = 20 Sin(2pi50t)V from zero load voltage. It can be seen
that, after the Lyapunov function based controller is switched on, the error almost
immediately reduces to minimal value with the required tracking performance. The
control signal vC can be seen to be of sinusoidal nature and free of any switching
characteristics as reported in [124] and [125]. Similar performance is also seen
in Figure G.4 to track the load voltage with 50% third harmonics, i.e. v∗L(t) =
20Sin(2pi50t)+10Sin(2pi150t). Figure G.4 also shows fast tracking performance in
terms of arbitrary load voltage tracking. It can be understood that, the controller
parameters λ and g are chosen to take care of the parameter uncertainty of the
actual power circuit during the experiment.
7.2.2 Testing of the tracking capability of the Lyapunov
function based controller in the series inverter with
grid
The same control input (as shown in (G.23)) can be used for the condition with
the grid voltage disturbance as well. But because of the presence of grid voltage
disturbance term d, the value of requirement of λ becomes very high (it can be seen
that in the expression of D, the largest contribution is given by the component c1d
leading to a high value of λ from (G.15)). But it is seen during experimentation
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that if the value of λ is higher than certain value, the output as well as the control
signal starts to have high frequency oscillations. To avoid this problem the grid
disturbance term is included in the control input (the disturbance term d in (G.5)








≈ vg as shown
below). So, (G.23) is modified to include grid disturbance as:












vinv = Vdc × vc (G.24)
The grid voltage, vg is measured using voltage sensors and added with the controller
output. Before going in the experiments with Lyapunov function based voltage
controller some representative waveforms are shown to achieve the same tracking
task with typical learning controller (in this case SRC).
Figure G.5 shows the experimental dynamic waveforms of grid voltage, vg,
load voltage, vL, load voltage error, e = v
∗
L − vL and the inverter current, ii. It
can be seen when learning controller is plugged in, it takes around 9 sec time for
the load voltage vL to reach the steady state of 20 V rms from 10V rms. The
steady state waveform is shown in Figure G.6. It can be noticed from Figure G.6
that, the load voltage, vL is maintained at 20V rms even with grid voltage vg being
maintained at 10V rms and both of them are in same phase.
The similar transients are tested with the proposed Lyapunov function based
controller and the results are shown in Figures G.7 and G.8. Figure G.7 shows the
dynamic transition of load voltage vL from 14.14V rms to 20V rms (same phase
with the grid voltage). Figure G.7 consists of grid voltage, vg (maintained at 10V
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Figure G.5: Experimental dynamic waveform of grid voltage vg, load voltage vL,
load voltage error v∗L−vL and inverter current ii with learning controller plugged in
when load voltage reference is changed from v∗L(t) = 14.14 Sin(2pi50t) to v
∗
L(t) =
28.284 Sin(2pi50t) with the grid voltage vg(t) = 14.14 Sin(2pi50t)
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Figure G.6: Experimental steady state waveform of grid voltage vg, load voltage
vL, load voltage error v
∗
L−vL and SPWM control signal vC with learning controller
plugged in when load voltage reference is v∗L(t) = 28.284Sin(2pi50t) with the grid
voltage vg(t) = 14.14 Sin(2pi50t)
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Figure G.7: Experimental dynamic waveform of grid voltage vg, load voltage
vL, load voltage error v
∗
L − vL and SPWM control signal vc with Lyapunov func-
tion based controller plugged in when load voltage reference is changed from
v∗L(t) = 20 Sin(2pi50t) to v
∗
L(t) = 28.284 Sin(2pi50t) with the grid voltage
vg(t) = 14.14 Sin(2pi50t)
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Figure G.8: Experimental dynamic waveform of grid voltage vg, load volt-
age vL, load voltage error v
∗
L − vL and SPWM control signal vc with Lya-
punov function based plugged in when load voltage reference is changed from
v∗L(t) = 14.14 Sin(2pi50t +
pi
2




grid voltage vg(t) = 14.14 Sin(2pi50t)
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rms), load voltage, vL, SPWM control signal, vc and the inverter current, ii with
the Lyapunov function based controller being in operation. It can be seen that
when the reference load voltage changes, the load voltage, vL almost immediately
follows the reference load voltage, v∗L. Figure G.8 shows the dynamic transition of
load voltage vL from 10V rms to 20V rms (load voltage leads the grid voltage by
900 to ensure power flow condition mentioned in (G.22)). The transtion time in
this case is insignificant in comparison with the time taken by learning controller
to ensure tracking.
Appendix H
8.1 Comparison of the performance of the pro-
posed Lyapunov function based controller and
the traditional PI+fundamental frame mul-
tiple PR controller for three-phase general-
ized grid connected CCVSI
8.2 Simulation Results
The performance of the proposed controller is compared with the traditional PI+fundamental
frame cascaded PR controller (as proposed in [32]) with simulation results on the
power circuit shown in Figure 6.2. Both type of controller are used in a balanced
grid voltages (vga, vgb and vgc) of peak phase value 200V as can be seen from Figure
H.1(a). It can also noted (from the load currents iLa, iLb and iLc) the simulated
three-phase rectifier load (simulated using controlled current source with triangu-
lar current notch which can be approximated as rectifier input current) consumes
about 2kW active power (calculated using simulated power measurement device).
The current reference of the inverter is devised in such a way that the CCVSI
supplies 500 W of active power and total harmonic power resulting the grid to
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Figure H.1: Simulation results (a) Grid
voltages, vga, vgb and vgc and load cur-
rents, iLa, iLb and iLc, (b) CCVSI cur-
rents, iCa, iCb and iCc and grid cur-
rents, iga, igb and igc with traditional
PI+fundamental frame cascaded PR con-
trollers (c) CCVSI currents, iCa, iCb and
iCc and grid currents, iga, igb and igc with
Lyapunov function based controller, with
balanced grid voltages.
Figure H.2: Simulation results (a) Grid
voltages, vga, vgb and vgc and load cur-
rents, iLa, iLb and iLc, (b) CCVSI cur-
rents, iCa, iCb and iCc and grid cur-
rents, iga, igb and igc with traditional
PI+fundamental frame cascaded PR con-
trollers (c) CCVSI currents, iCa, iCb and
iCc and grid currents, iga, igb and igc with
Lyapunov function based controller, with
unbalanced grid voltages.
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supply only 1.5 kW active power. The simulation results are shown in Figures
H.1(b) and (c) for traditional PR controller and proposed controller respectively.
It can be seen that in both the cases, the CCVSI currents (iLa, iLb and iLc) and
the grid currents (iga, igb and igc) are the same in the steady-state; however, the
proposed Lyapunov function based controller provides better performance during
transient conditions as can be seen from Figures H.1(b) and (c). The comparison
is carried out with the unbalanced grid voltages (vga, vgb and vgc) (20% negative
sequence contamination with the balanced case mentioned earlier) as can be seen
in Figure H.2(a). It can also be noted that in this condition, the load currents (iLa,
iLb and iLc) are asymmetrical and it draws about 2.5 kW . However, the CCVSI
is expected to supply about 700 W and total harmonic power of the load and the
grid is expected to supply about 1.8 kW active power only. In this application,
the traditional cascaded PR controller is applied in both positive and negative
sequence fundamental rotating frame by splitting all the control and feedback vari-
ables in respective sequence components as discussed in [92] whereas the proposed
controller structured is maintained the same as shown in Figure 6.5. It can be seen
from Figure H.2(b) that, traditional PR controller is incapable of dealing with un-
balance condition resulting in highly non-sinusoidal current with high THD being
drawn from the grid; whereas Figure H.2(c) suggests that, the proposed controller
is equally capable of dealing with unbalance condition with pure sinusoidal grid
currents. For unbalanced grid voltages, the rectifier load currents contain triplen
harmonics (as explained in [131] and also verified with experiments later), which
does not form space vector so these current harmonics can not be taken care of by
the rotating frame controllers resulting in the high THD of grid currents.
Appendix I
9.1 Brief description of main contributions of
this thesis
9.1.1 Control methodology of single-phase parallel connected
renewable energy source based inverter connecting to
micro-grid to control active and reactive power flow
with grid current shaping
In this thesis a control methodology of a single-phase CCVSI is investigated that
enables the single inverter interfaces the renewable energy source to reduce the
grid power consumption as well as controls the THD of the grid current in the
presence of the non-linear load at the grid PCC. A Lyapunov function based current
tracking controller is proposed for the single-phase micro-grid connected renewable
energy sources through inverter. The proposed controller is easier to implement in
comparison with other type of controllers as discussed in [57]-[58], [65]-[66]. It is
directly implemented in the real grid phase domain (θ =
∫
ωdt) and is independent
of the grid fundamental frequency. The proposed controller is shown to have fast
convergence of the tracking error. The stability of the controller is derived by
using the direct method of Lyapunov. A technique of improving the performance
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of the proposed Lyapunov function (LF) based controller by estimating the grid
and other non-linear disturbances using Spatial Repetitive Controller (SRC) is also
proposed in this report. The inverter current reference is derived from the desired
inverter output power using single phase p-q [120]-[121] theory. This allows control
of active, reactive and harmonic power flow through the inverter to the micro-grid.
The controller also leads to low THD in grid current even in presence of non-
linear load. Detailed experimental results are provided to show the efficacy of the
proposed current controller. The power circuit and its associated control strategy
is described to work in such a way that, the proposed parallel inverter along with
its control methodology can be used to interface loads with any type of renewable
energy sources and the micro-grid.
9.1.2 Control methodology of single-phase series connected
renewable energy source based inverter connecting to
micro-grid to mitigate voltage related problems along
with active power flow control
A new control strategy is proposed for series inverter to mitigate any type of grid
disturbances under frequency variation along with the control of renewable energy
flow to the load. In the proposed method, the renewable energy source forms the
DC link. The inverter taps the DC-link and its output is also connected in series
with the load and the micro-grid. In the proposed control strategy, the inverter
voltage is added vectorially with the micro-grid voltage to have an independent
control of the active power flow through the inverter along with load voltage reg-
ulation under any type of the grid (sag, swell or normal) voltage condition. It is
shown in later later part of this thesis that the proposed control strategy also makes
the grid power factor leading even in the presence of a lagging power factor load.
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The series inverter can also eliminate the effect of the voltage harmonics across the
load even if there is a voltage harmonic contamination in the micro-grid voltage.
A Spatial Repetitive Controller (SRC), which is implemented based on grid phase
sample position (θ =
∫
ω dt) domain, is proposed in this report. The proposed
SRC works in a similar way as described in [122]. A design method of this SRC
controller is presented in this report. A method of grid phase position domain
modeling of the inverter with L-C filter assembly and grid and load interconnec-
tion is also presented to facilitate the design method. The designed SRC is used
to track 110 Volts, 50 Hz rated load voltage with different phase lead angles under
sag, swell or normal conditions in the micro-grid with specific amount of inverter
active power flow. Experimental test results are presented to show that constant
voltage is maintained across the load when there are voltage sag or swell in the
grid voltage. Another set of test results are also provided to show the effectiveness
of the designed SRC in eliminating grid voltage harmonics as well as maintaining
rated load voltage under grid frequency variation. The proposed series inverter
along with its control methodology can be used to interface loads with any type of
renewable energy sources and the micro-grid. A Lyapunov function based tracking
controller is also proposed in this report for the series inverter. Detailed analysis of
the Lyapunov function based controller is provided in this report. The Lyapunov
function based voltage tracking controller provides faster response with respect to
SRC. It can be seen from the analysis provided, the proposed Lyapunov function
based controller also provides well known chattering free sliding mode character-
istics [123, 124] and [125]. Experimental results are also included to validate the
efficacy of the proposed controller in the series inverter application.
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9.1.3 A Lyapunov function based current controller to con-
trol active and reactive power flow from a renewable
energy source to a generalized three-phase micro-grid
system
A generalized model of the three-phase CCVSI in the a-b-c frame is presented
which considers unbalanced line-side inductors with the grid. The grid can also
have asymmetrical unbalance (presence of zero sequence voltage) condition. A
Lyapunov function based controller is proposed to facilitate current control of such
inverters directly in the a-b-c frame. The number of controllers needed for such
unbalanced control is shown to be only two unlike multiple controllers as men-
tioned in [38]. The proposed controller is also implemented in the a-b-c frame
which eliminates the need of dual frame Park transformation as well as SPLL in
the control structure. The proposed control strategy is also invariant with respect
to the fundamental frequency of the grid. The proposed control method uses the
current references calculated directly in the a-b-c frame by the method and the
successful current tracking by the CCVSI ensures proper grid active and reactive
power flow along with minimum DC link voltage ripple and pure sinusoidal grid
currents in the presence of non-linear load connected at the PCC in the grid. This
also eliminates the need of additional power factor correction (PFC) circuit, which
is commonly referred to as shunt compensator in literature [26]-[27]. A SRC is
used to estimate the predictable and unpredictable periodic disturbances to im-
prove the performance of the Lyapunov function based controller. The proposed
control method is tested successfully in traditional b-6 three-phase inverter (six
semiconductor switches) or in b-4 [111]-[112] three-phase inverter (four semicon-
ductor switches) utilizing simple Sine PWM switching method. A detailed analysis
of the proposed controller is provided and adequate experimental results are also
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included to show the efficacy of the proposed control structure.
9.1.4 Derivation of instantaneous current references for multi-
phase PWM inverter to control active and reactive
power flow from a renewable energy source to a gen-
eralized multi-phase micro-grid system: the p-q the-
ory based approach
A novel implementation method of p-q theory based reference current calculator
for CCVSI for controlling both the grid active power flow and grid current THD is
proposed in this report. The proposed implementation directly calculates the VSI
instantaneous line current references in the a-b-c frame from information such as
instantaneous phase or line voltages of the unbalanced grid but never resolves it
into dual synchronous frame. Also, SPLL is not required in this method of reference
current calculation. It is described in this report that the proposed method is able
to take care of the sudden change in grid frequency and harmonic contamination
in the grid voltages as well. A novel method of extracting positive-sequence and
negative-sequence voltage components using Complex Notch Filter (CNF) [126] is
also proposed to eliminate the phase shifting complications (typically 1200 phase
shifting operations) of Fortescue’s method. A Rotating Reference Signal Charac-
terizer (RRSC) method is also proposed to estimate the magnitude, frequency and
phase of the positive and negative sequence voltages is also proposed. The fre-
quency information is used to tune the CNF in the case of sudden change in grid
voltage fundamental frequency. The RRSC operates much faster and accurately
than traditional SPLL as tested during experimental study. Because of the reduced
computational burden, the proposed method is much faster than the traditional
implementation process of p-q based current reference calculation as can be referred
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to [30]-[31], [99]-[100] and [120]-[121]. The CCVSI current references provided by
the p-q theory based method is further analyzed with single phase instantaneous
power theory based approach and the presence of second harmonic power in the
DC link quantities of the inverter is also investigated. A detailed analysis and ex-
perimental results are presented in this report to show the efficacy of the proposed
implementation method of calculating the current reference of the CCVSI.
9.1.5 Derivation of instantaneous current references for multi-
phase PWM inverter to control active and reactive
power flow from a renewable energy source to a gen-
eralized multi-phase micro-grid system: the FBD the-
ory based approach
A novel implementation method of FBD theory based reference current calculator
for CCVSI for controlling both the grid active power flow and grid current THD
is proposed in this report. The proposed implementation directly calculates the
VSI instantaneous line current references in the a-b-c frame from the information
of instantaneous phase or line voltages of the unbalanced grid but never resolves
it into dual synchronous frame. An implementation of FBD method is proposed
based on the position sampling unlike the traditional time sampling. The position
sampling is carried out in the fundamental phase of the grid voltages. The position
sampling method is similar to what the present authors have proposed in the case
of SRC implementation. Position sampling process enables the FBD to operate
under dynamic change in grid fundamental frequency without changing the number
of samples unlike the conventional FBD method. The CCVSI current references
provided by the FBD theory based method is further analyzed with single phase
instantaneous power theory based approach and the presence of second harmonic
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power in the DC link quantities of the inverter is also investigated. A detailed
analysis and experimental results are presented in this report to show the efficacy
of the proposed implementation methods of calculating the current reference of the
CCVSI.
9.1.6 Application of four-switch based three-phase grid con-
nected inverter to connect renewable energy source
to a generalized unbalanced micro-grid system
The four-switch based three-phase inverter is proposed for a generalized unbalanced
grid connected system. The space vector methods for b-4 configuration as discussed
in [111]-[119] are not applicable for grid connected applications because of the
absence of consideration of the unbalanced load voltage. In this report, a Sine
PWM (SPWM) based control method is proposed for the four-switch inverter. The
current control of the inverter phases are carried out in the a-b-c frame following
the control methodology discussed for six-switch three-phase inverters connected
to grid. In this method of control the DC link mid-point fluctuation is suppressed
by the control action taken by SRC to reject periodic disturbances. The detailed
mathematical analysis is also provided to explain this phenomena. It is also shown
mathematically and experimentally that even if the DC link split capacitors are
unbalanced , the DC link mid-point potential (with respect to ideal DC link mid-
point) settles to the zero DC value during the operation of the proposed control
system. Adequate experimental results are provided to show the efficacy of the
overall system.
The four-switch three-phase b-4 topology is applied in the grid connected
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application in an effort to reduce the cost of the inverter. Admittedly, this topol-
ogy warrants higher voltage ratings of the semiconductor devices used and the DC
link split capacitors used with respect to a conventional six-switch three-phase b-6
topology inverter for a specific set of grid voltages. The author reserves his com-
ments on the issue of cost-effectiveness of b-4 topology inverter over b-6 topology
inverter for they believe that it is application specific; for high voltage application
it is expected that the inverter semiconductor switches cost more than capacitors
and incremental increase in the voltage rating, while the low voltage application,
the argument can be reversed.
